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Data show that the primary sources of Sr and Pb to North Carolina surface waters are 
decoupled: Sr is interpreted to be derived from geologic sources, and Pb is interpreted to be 
derived from anthropogenic sources. Strontium is isotopically linked to variations in exposed 
bedrock across the state. The isotopic composition of Sr converges toward recent seawater values 
at the coast. The concentration of Pb in the dissolved load increases downstream, but Pb remains 
isotopically consistent throughout the state. These results suggest that, whereas the dissolved Sr 
in surface water is primarily from bedrock sources such as groundwater and channel incision, the 
Pb is derived from a more homogenous widespread source. Isotopic data suggest that the 
dominant sources of dissolved Pb in North Carolina streams today are most likely a combination 
of waste from coal combustion and remnant leaded gasoline contamination, with bedrock 
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The chemical and isotopic compositions of river water reflect interaction with porous 
media within headwater sources, groundwater addition from effluent streams, bedrock of the 
stream channel, and bedload and suspended load including sediment influx from the drainage 
basin. The river’s dissolved load may reflect the age and mineral composition of the bedrock and 
precipitation as well as anthropogenic and other influences including biologic interaction. 
Distinguishing between sources to the load can be accomplished through comparison of stream 
water data to data from those suspected sources. 
Natural sources of Pb, Sr, and other elements in the dissolved load in streams include the 
rock with which the water comes into contact and precipitation. In North Carolina, the surface 
geology can be divided into six generalized geologic provinces with approximately N-S trending 
boundaries (Fig. 1; Stewart and Roberson, 2007). The oldest rocks are exposed in the western 
portion of the state and include igneous and metamorphic rocks. To the east, accreted 
metamorphic terranes become progressively younger and are cut by Triassic-age rift basins. The 
eastern third of the state exposes a sedimentary coastal plain with rocks ranging in age from 
Cretaceous to Recent. If natural bedrock sources are the dominant contributors to the dissolved 
load in streams, this pattern of changes in bedrock petrology and age yields predictable E-W 
variations in chemical and isotopic bedrock contributions to surface waters. 
Observed variation in chemical and isotopic composition of North Carolina surface 
waters indicates multiple sources for dissolved components. Data show that the Sr isotopic ratios 
vary with local bedrock in the Neuse and Cape Fear river basins (Watts et al., 2019) and 
2 
throughout the state (Cary, 2018). However, the limited early data for Pb suggest that it does not 
show variations in isotopic composition that are consistent with bedrock sources. Preliminary 
data indicate that Pb concentration generally increases downstream but remains isotopically 
consistent throughout the state relative to natural sources (Cary, 2018). This suggests a 
decoupling of Sr and Pb contributions to the dissolved load in North Carolina surface waters. 
I propose to test the hypothesis that the sources of Sr and Pb are decoupled in North 
Carolina surface waters, with Sr derived from geologic sources and Pb derived from 
anthropogenic sources. In order to test this hypothesis, samples of river and stream water were 
collected from across the state and analyzed for Sr and Pb concentrations and isotopic 
compositions. Additionally, all samples were analyzed for major and trace element composition. 
The composition of the dissolved load in North Carolina surface water was mapped and 
referenced against the bedrock geology. The analyses of major and trace element concentrations 
add context to the isotopic data and aid in identification of natural and anthropogenic influences 
on streams. 
BACKGROUND AND GEOLOGIC SETTING 
Isotopic Fingerprinting 
Isotopic fingerprinting is a well-established technique that uses the relative abundances of 
isotopes within a system to compare samples of unknown sources with samples from known 
sources. Strontium and Pb each have one or more naturally occurring radiogenic isotopes as well 
as stable, non-radiogenic isotopes. 87Sr is the product of decay of 87Rb and is measured as a ratio 
with the non-radiogenic 86Sr. Because the ionic radius and charge of Sr are similar to that of 
calcium, Sr is readily found in rocks, minerals, and shells substituting for Ca. Rubidium is 
similar to potassium in size and charge, and is therefore found substituting for K. The 
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abundances of Ca and K within bedrock vary predictably with rock type and age. Mafic igneous 
rocks will tend to have low 87Sr/86Sr because they have low K/Ca (and therefore (Rb/Sr). In 
contrast, felsic igneous rocks typically have a high 87Sr/86Sr because they are characterized by 
high K/Ca. Marine carbonate rocks preserve the isotopic signal from the ocean at the time of 
formation. The 87Sr/86Sr ratio in the modern ocean is 0.709178 (relative to NBS-987 87Sr/86Sr = 
0.710248), and the high Ca and Sr concentration in coastal waters can overwhelm the signatures 
of other sources (Watts et al., 2019). 
Lead is an element with one stable non-radiogenic isotope (204Pb) and three stable 
radiogenic isotopes (206Pb, 207Pb, and 208Pb). 206Pb is the daughter product of 238U that has a half-
life of 4,470 Ma (Baum et al., 2010). 238U is much more abundant than 235U (99.27 vs. 0.73 
mol%, respectively) that decays to 207Pb and has a half-life of 704 Ma (Baum et al., 2010). 232Th, 
essentially the only naturally occurring Th isotope (~100 mol%), decays to 208Pb with a 14,000 
Ma half-life (Baum et al., 2010). Lead isotopic ratios therefore reflect the U-Th/Pb systematics 
of their source and can be used for distinguishing natural sources (e.g., bedrock), and combustion 
sources such as coal ash or leaded gasoline aerosol deposits (Shirahata et al., 1979; Hamelin et 
al., 1990; Wang et al., 2019). Because of the differences in parent half-life, 206Pb/207Pb (as well 
as 206Pb/204 Pb and 207Pb/204Pb) is sensitive to the age and U/Pb of the Pb source. In addition to 
age information, the 206Pb/208Pb (and 208Pb/204Pb) ratio is also sensitive to the U/Th and Th/Pb 
ratio of the source. 
North Carolina Bedrock Geology 
North Carolina bedrock exposes three generalized physiographic provinces of variable 
age and rock type. These provinces are the Blue Ridge, Piedmont, and Coastal Plain (Fig. 2; 
Stewart and Roberson, 2007). These are further subdivided into geologic provinces, from west to 
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east: the Western Blue Ridge, Eastern Blue Ridge, Piedmont Terrane, Gondwana Terrane, and 
the Coastal Plain. In addition, the Piedmont and Gondwana terranes are cut by Triassic basins 
associated with the breakup of Pangea. 
The Western Blue Ridge Province includes metamorphic and igneous rock formed as a 
result of the Grenville orogeny during the formation of the supercontinent Rodinia, 1200-900 Ma 
(Stewart and Roberson, 2007). The Eastern Blue Ridge Province is dominantly metamorphosed 
igneous and sedimentary rock that began developing from the accretionary wedge between the 
converging continents (Stewart and Roberson, 2007). The Eastern Blue Ridge Province also 
includes metamorphosed volcanic and sedimentary rock that was deposited along the coast of 
Laurentia 570-480 Ma after the breakup of Rodinia 700-600 Ma (Stewart and Roberson, 2007; 
NCDEQ, 2015). 
East of the Blue Ridge provinces, the Piedmont and Gondwana terranes (630-280 Ma) are 
dominantly metamorphosed igneous and sedimentary rock that formed on or near the coasts of 
the newly formed continents Laurentia and Gondwana, and were added to Laurentia. The rock of 
the Piedmont terrane originated as an island arc during oceanic subduction beneath a piece of 
continental crust of unknown origin (Stewart and Roberson, 2007). The convergent boundary 
creating these volcanoes culminated with the collision of an accretionary wedge and the crustal 
fragment into Laurentia (the Taconic orogeny), forming the Piedmont terrane and the ancestral 
Appalachian Mountains 460 Ma (Stewart and Roberson, 2007). The Gondwana terrane initially 
formed as a continental volcanic chain above a subduction zone along the early Gondwanan 
coast (600-500 Ma). It was added to Laurentia around 330 Ma during the formation of Pangea 
during the Alleghanian orogeny. 
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Pangea later began rifting apart, separating what is now North America from Africa about 
220 Ma. Normal faulting in North America resulted in formation of rift basins, dominantly 
Triassic in age (Stewart and Roberson, 2007). In North Carolina, these basins, geographically 
small relative to other provinces, are bounded by the Piedmont and Gondwana terranes. Surface 
exposure of the basins is dominated by sedimentary rock. The Triassic rift basins and the 
surrounding terranes were intruded by a network of diabase dikes and sills (Stewart and 
Roberson, 2007; NCDEQ, 2015). Following rifting, the newly formed passive margin at the 
eastern edge of the Gondwana terrane began to accumulate the marine sedimentary deposits that 
form the Coastal Plain, ranging in age from 145.5 Ma to Recent (Stewart and Roberson, 2007; 
NCDEQ, 2015). 
Previous Isotopic Characterization of North Carolina Bedrock 
A strong relationship between bedrock age, rock type, and isotopic composition of Sr is 
well-established in published literature. Generally, age and 87Sr/86Sr are positively correlated, 
therefore older rock will have a higher 87Sr/86Sr signature than younger rock of similar 
composition. Data show that this relationship holds true in North Carolina, with the Blue Ridge 
provinces having the highest 87Sr/86Sr values relative to the rest of the state. Rock and mineral 
values in one study of the North Carolina Blue Ridge Provinces range from 0.7067 to 0.7275, 
with a median value of 0.7161 (Stueber and Murthy, 1966; Stueber, 1969). Analysis of granites 
in central North Carolina show that the median 87Sr/86Sr decreases to around 0.7139 (Fullagar, 
1979) or as low as 0.7107 (Coler et al., 1997). Diabase dikes in the rift basins and surrounding 
provinces have relatively small surface exposure but are among the lowest bedrock 87Sr/86Sr 
values in the state, with median 0.70475 (Watts et al., 2019). Sedimentary rock can exhibit a 
strong isotopic signal reflective of the conditions of formation, not necessarily the age of the 
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parent rock from which clasts are derived. The marine sediments that comprise the bedrock of 
the Coastal Plain are understood to reflect the Sr signature of seawater at the time of deposition, 
which ranges from 0.7072 around 145 Ma and trends upward over time to the modern value of 
0.7092 (Peucker-Ehrenbrink and Fiske, 2019). 
The isotopic composition of Pb in North Carolina bedrock does not exhibit a clear pattern 
as is seen with Sr. Studies analyzing bedrock in the Blue Ridge provinces report 206Pb/207Pb 
values ranging from 1.1042 to 1.2799, with a median value of 1.1316. Those samples have 
208Pb/206Pb values ranging from 2.0016 to 2.4238, with a median value of 2.1464 (n=35; Sinha et 
al., 1996; Fisher 2010). Analyses of meta-igneous rock and diabase in the Piedmont and 
Gondwana terranes show comparatively narrow ranges: 206Pb/207Pb from 1.1007 to 1.2061, 
median 1.16437 and a range of 0.1054; 208Pb/206Pb from 2.0457 to 2.1446, median 2.0915 and a 
range of 0.0989 (n=19; LeHuray, 1986; Callegaro et al., 2013). 206Pb/207Pb is highly correlated 
with 208Pb/206Pb in rocks from central North Carolina (Fig. 3). However, this could be an artifact 
of the limited rock types sampled in the cited studies. Available isotopic data for Pb in the 
Coastal Plain are limited to stream sediment and groundwater surveys rather than whole rock 
analyses. These were excluded from this analysis of the bedrock to surface water relationship 
due to concerns that the data may include both natural and anthropogenic Pb sources. With the 
wide range of Pb isotopic compositions of the westernmost provinces that encompasses the range 
of reported values for central provinces, no predictive model for isotopic variance in bedrock Pb 
can be presumed. 
North Carolina River Systems 
River basins in North Carolina flow either toward the Atlantic Ocean or the Gulf of 
Mexico, and are separated by the Eastern Continental Divide. Most large river basins in North 
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Carolina traverse several of the geologic provinces on the way to the Atlantic coast (Fig. 4). The 
eastward-flowing basins, draining into the Atlantic Ocean and listed in descending order by area 
within state boundaries are: Cape Fear, 23,734 km2; Yadkin-Pee Dee, 18,702 km2; Tar-Pamlico, 
15,922 km2, Neuse, 15,701 km2; Roanoke, 9,047 km2; Pasquotank, 8,719 km2; Lumber, 8,623 
km2; Catawba, 8,509 km2; Broad, 3,921 km2; White Oak, 3,578 km2; Chowan, 3,363 km2; and 
Savannah, 444 km2 (calculated using shapefile boundaries from the North Carolina Department 
of Environmental Quality [2017] and cut to include only portions inside North Carolina). 
Because of the geography of North Carolina, with its large Intracoastal Waterway and Outer 
Banks, the river basins that drain into the Atlantic Ocean have geographic expanses that include 
significant water bodies, therefore the areas given above do not represent relative land mass. The 
westward-flowing basins that originate in North Carolina eventually drain into the Gulf of 
Mexico. Listed in descending order by area within state boundaries are: French Broad, 7,327 
km2; Little Tennessee, 4,654 km2; New, 1,954 km2; Hiwassee, 1,669 km2; and Watauga, 530 
km2.  
Previous Isotopic Characterization of North Carolina Rivers 
Watts et al. (2019) explored Sr isotopic variations in the Neuse and Cape Fear river 
basins in eastern North Carolina (Fig. 5). They found exposed bedrock to be a good predictor of 
Sr isotopic composition in the dissolved load, yet not without caveats. Both basins have their 
headwaters in Gondwanan terrane bedrock – that would be predicted to yield high 87Sr/86Sr due 
to the age (>600 Ma) and composition (high Rb/Sr) of the rocks. However, the Sr isotopic 
compositions in the headwaters are the lowest measured along the lengths of the rivers (<0.706). 
Watts et al. (2019) attributed the non-radiogenic isotopic compositions to a strong influence from 
Mesozoic diabase dikes that are known to serve as aquifers, having a more significant impact on 
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groundwater components in the area than their low surface exposure would predict (Woods, et 
al., 2000). Downstream from the Triassic rift basins, the isotopic compositions of surface waters 
climb and level off at values approximating seawater as the rivers traverse the Coastal Plain. 
Watts et al. (2019) noted that the marine deposits of the Coastal Plain are generally high in [Sr] 
and also relatively soluble compared to igneous rocks upstream, rapidly obscuring the isotopic 
signature of upstream geology. Dissolved Sr in streams near the coast converge toward recent 
seawater values (Watts et al., 2019). 
Cary (2018) continued the work of Watts et al. (2019) and expanded the study area to 
include all of North Carolina in order to analyze whether the conclusions from two large 
watersheds would be supported on a larger spatial scale. Cary (2018) found that the 87Sr/86Sr 
values in western North Carolina vary greatly from those of eastern North Carolina due to the 
bedrock in the west being dominated by relatively old metamorphic and igneous rock, in contrast 
to the relatively young sedimentary deposits dominating the eastern river basins. The highest 
87Sr/86Sr values (0.721) in the state were found to occur in some of the westernmost sites, with 
North Carolina’s oldest exposed bedrock. The values decrease eastward, correlated with the 
decrease in geologic age of bedrock into the Piedmont and Gondwana terranes. This follows the 
hypothesized trend of Sr isotopic variation based on the age and local bedrock, if Sr is 
geologically sourced. The lowest 87Sr/86Sr values (0.704) correspond to locations both 
geographically and geologically similar to those in the upper stream basins in Watts et al. (2019), 
located in the Gondwana terrane. From there, the values in each study increase and converge 
eastward toward recent seawater values. Overall, Cary (2018) found the Sr data to reflect 
underlying geology. 
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Cary (2018) also analyzed water samples for the isotopic composition of dissolved Pb. 
Ranges of Pb isotopic ratios reported include 208Pb/206Pb (2.038-2.078) and 206Pb/207Pb (1.182-
1.213), both narrow ranges relative to the isotopic Pb variation in bedrock throughout the state 
(LeHuray, 1986; Sinha et al., 1996; Fisher 2010; Callegaro et al., 2013). No significant isotopic 
variation is found to correspond to changes in geology. Cary (2018) concluded that this isotopic 
signature indicates that Pb in North Carolina surface water is primarily derived from an 
anthropogenic source and suggests U.S. leaded gasoline as the primary contributor of Pb 
contamination. 
Historic Anthropogenic Pb Contaminants 
Lead is increasingly present in the environment due to human activity including mining, 
agriculture, and fossil fuel extraction and combustion. Significant sources of anthropogenic Pb 
involve combustion or melting of Pb-bearing materials, causing Pb to aerosolize and allowing for 
widespread deposition. Evidence of anthropogenic Pb contamination of the atmosphere from as 
early as 5000 yr bp is recorded through the deposits of aeolian waste products of early smelting 
technologies (Komárek et al., 2008). The record of changes in the flux of anthropogenic Pb into 
water, soil, and the atmosphere are preserved within offshore and lacustrine basin sediments and 
in glacial deposits (Shirahata et al., 1979; Hamelin et al., 1990; Rosman et al., 1993; Komárek et 
al., 2008). As human populations and technologies advanced, the flux of anthropogenic Pb into 
the environment generally increased, with the most significant increases occurring early in the 
Industrial Revolution (1730 CE) and with the automobile boom around 1940 CE (Shirahata et 
al., 1979). 
Lead was used as an additive to commercial gasoline beginning in 1923 after it was 
discovered that some organic lead compounds could quiet the familiar “knock” of early 
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combustion engines while simultaneously increasing fuel efficiency (Nriagu, 1989; O’Brien and 
Gethin-Damon, 2011). When gasoline combusts in an engine, Pb aerosolizes and may remain in 
the atmosphere for 5-10 days before deposition, allowing for widespread dispersal (Sturges and 
Barrie, 1987). The Clean Air Act of 1970 and its amendments in 1990 included the phaseout of 
Pb-gas for road-use vehicles in the United States (Nriagu, 1989; U.S. EPA, 1998). However, 
studies of Pb in soil show that it may have residence times of hundreds of years on some forest 
floors, therefore pollution may remain long after deposition ceases (Erel et al., 1997). 
Complicating the matter of tracing anthropogenic sources of Pb is that very little public 
data exist about the composition of gasoline and its additives. Researchers have reconstructed 
temporal changes in isotopic composition of aerosolized Pb and determined which ores were 
used in additives in the US using data from aerosols, suspended ocean sediment, and glacial and 
lacustrine deposits (Sherrell and Boyle, 1992; Teutsch et al., 2001). American Pb-gas has a 
different isotopic composition than that from other continents and even other parts of North 
America due to access to extensive Mississippi Valley-type Pb ore deposits. Mississippi Valley 
Pb is significantly higher in 206Pb/207Pb relative to most other ores used in additives (Cheng and 
Hu, 2010). Commonly cited isotopic ranges for North American Pb-gas mainly include findings 
from research conducted on samples from the Sargasso Sea (Sherrell et al., 1992; 206Pb/207Pb 
1.1854-1.1965 and 208Pb/206Pb 2.048-2.068) and California (Chow and Johnstone, 1965; 
206Pb/207Pb 1.115-1.160 and 208Pb/206Pb 2.096-2.151).  
A 1992 study suggested that isotopic data may be used to differentiate natural versus 
anthropogenic inputs of Pb into the atmosphere, and cited 206Pb/207Pb data in the Eastern US 
during the 1980’s ranging from 1.189 to 1.225 (Veron et al., 1992). On the basis of these values 
relative to worldwide data, the authors propose that 206Pb/207Pb ratios higher than 1.20 are 
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“characteristic of Eastern US emissions,” further justified by their analysis of air mass transport 
patterns relating emission sources to data collection points (Veron et al., 1992).  
The Pb isotopic compositions reported in Veron et al. (1992) are not solely representative 
of Pb-gas emissions, however. Veron et al. (1992) assert that by 1985, Pb additives to US 
gasoline were no longer being sourced from the Mississippi Valley-type deposits, but from less 
radiogenic sources including Mexico (206Pb/207Pb = 1.20) and Canada (206Pb/207Pb = 1.15). Were 
leaded gasoline the only source of atmospheric lead at the time of this study, 206Pb/207Pb would 
have been expected to drop below 1.20. Since composition remained high, with an Eastern US 
average calculated to be 1.201, another industrial source, such as refining of Mississippi Valley-
type ores for steel production, may account for a larger proportion of atmospheric Pb as Pb-gas 
additives changed sources and decreased in use (Veron et al., 1992). In 1987, however, a review 
of global aeolian fluxes of natural and anthropogenic lead cited Pb-gas as creating three to six 
times as much atmospheric input as any metal-refining industry, and 10-20 times the input of 
coal power plants (Patterson and Settle, 1987). 
Some researchers have attempted to summarize temporal trends in Pb isotopic variation 
in emissions. Hurst (2000) developed the Anthropogenic Lead ArchaeoStratigraphy (ALAS) that 
synthesized data from many studies in an attempt to summarize temporal variation of isotopes in 
US anthropogenic lead from the 1950’s to the 1990’s. The resulting S-shaped curve shows a 
trend of increasing 206Pb/207Pb values over time. Hurst’s (2000) model used data mostly collected 
from California, but successful testing of his model as a calibration curve using samples from 
CA, FL, IL, and NJ led him to argue for its wide applicability to the dating of samples from 
across the United States during the period of greatest leaded gasoline emissions. Kaplan (2003) 
added numerical context to Hurst’s ALAS model, showing that the curve represents 206Pb/207Pb 
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1.168 in 1965, increasing to 1.218 in 1992. Data on other Pb isotopes, including 208Pb/206Pb, are 
not included in Hurst’s model or in Kaplan’s additional work on its application as an age dating 
tool. 
Data on the composition of ores known to have been mined by Pb additive manufacturers 
may be of some value. Ores used in production of Pb-gas additives sold in the US varied widely 
in origin and included major sources in Mexico, Peru, and Australia, as well as Idaho, Utah, and 
Missouri in the US. Table 1 gives representative 206Pb/207Pb values for a variety of Pb ores used 
in manufacture of Pb-gas additives, which are assumed to cover the range of isotopic values 
found in North American Pb-gas (Kaplan, 2003). 
Modern Anthropogenic Pb Contaminants 
Now that Pb-gas has been phased out worldwide, modern aerosol data are more easily 
attributed to specific point sources, but water data remain highly influenced by remnant Pb-gas 
deposits in many areas (Komárek et al., 2008; Sen et al., 2016). Unfortunately, as with Pb-gas, 
other common anthropogenic sources of Pb including coal combustion and waste products, 
mining and industrial waste, and fertilizers, are owned and used by private industry. Therefore, 
public access to primary pollutant data is limited.  
Some studies attempt to characterize isotopic signature of anthropogenic Pb from coal 
and its combustion waste products. Lead aerosols studied in Tampa, FL in 1998, where there is a 
clustering of Pb-emitting power plants, showed a more radiogenic composition than other 
regions of the US. These analyses, conducted after Pb-gas was no longer in use, were consistent 
with published data on isotopic ratios of major US coal mines, suggesting that coal power can be 
a major contributor to aerosol Pb today (Bollhöfer and Rosman, 2001). Recent research in North 
Carolina proposes the use of Pb isotopes as tracers for detecting fly ash from coal in the 
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environment. In this study, Wang et al. (2019) compare the isotopic composition of sediments 
near coal ash spills in North Carolina lakes to sets of representative samples from three major 
coal sources in the US including the Appalachian Basin, Illinois Basin, and Powder River Basin. 
Fly ash samples were found to have 206Pb/207Pb 1.2079-1.2479 and 208Pb/206Pb 1.9760-2.0413, 
with different basins exhibiting statistically distinct trends within those ranges. The authors argue 
that Pb isotopes in fly ash reflect the composition of its source coal, and that the signature is 
distinctive enough to allow for its differentiation from other known anthropogenic sources 
(Wang et al., 2019). 
According to the U.S. Energy Information Administration, North Carolina is not 
commercially producing any coal at present. The coal used in the state, the majority of which is 
combusted to generate electricity, is transported from states east of the Mississippi (North 
Carolina, 2019). In 2017, the coal burned in North Carolina power plants came mainly from 
West Virginia (5,919,000 tons), Pennsylvania (5,506,000 tons), and Kentucky (716,000 tons) 
(Annual Coal, 2019; North Carolina, 2019). Some of these deposits fall within the Appalachian 
and Illinois basins analyzed as part of the Wang, et al. (2019) study cited above. The isotopic 
ranges of coals from these states have been reported as 206Pb/207Pb 1.189-1.252 and 208Pb/206Pb 
1.196-2.073, which fall along an isotopic fingerprint trend with international leaded gasoline 
data, but average significantly higher in 206Pb/207Pb than Pb-gas (Chow and Earl, 1972). 
Several other potential sources of anthropogenic Pb inputs were investigated for their 
degree of influence on stream water. Local research has been done on the components of various 
fertilizers, reporting relative concentrations of major and trace elements known to sometimes 
contaminate agricultural products. The findings on trace elements of environmental concern, 
including Pb, vary widely by type of fertilizer, and the study includes no Pb isotope data. As 
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expected, however, the fertilizers analyzed all had high percentages of one or both of the 
nutrients P and K (Franklin et al., 2005). Industrial metal smelting, including for iron and steel 
production, produce aerosols which can be major Pb sources, but which show a predominantly 
localized influence on atmosphere, soil, and sediments (Komárek et al., 2008). North Carolina is 
not a major producer of processed metals; therefore, this industry would contribute only point 
source contamination locally. Mining and municipal waste management vary widely in 
composition, quantity, type of and degree of observance to regulations, and access to meaningful 
data. However, these potential pollution sources are considered here to be point sources of 
contaminants, as their influence is unlikely to be widespread relative to the high-volume 
aerosolized combustion products explored above. 
Combining Pb Isotopic and Trace Element Data 
Studies on waste from coal power plants show that the waste product fly ash can contain 
all naturally-occurring elements, including Fe and Al as major components, and enrichment of a 
variety of metals and metalloids that can be toxic to many species at elevated levels 
(Bhattacharyya et al., 2011; Ramsey et al., 2019). Solubility of the fly ash and its specific 
components can vary by source, with some waste samples containing water-soluble Pb and other 
samples containing essentially insoluble Pb (Bhattacharyya et al., 2011; Izquierdo and Querol, 
2012). Variability among samples may be due to differences in the coal, the combustion process, 
and the cleaning process used to reduce particulate emissions. Bhattacharyya et al. (2011) found 
that elemental solubility in fly ash is source-dependent in scale but with generally consistent 
temporal trends, with some elements such as Al and Cr exhibiting increasing solubility in water 
with time and Pb water-solubility decreasing over time. A study of residual contamination 
several years after a coal ash spill in Tennessee found elevated levels of Pb, Fe, Al, Ni, and Cr 
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(among others) in areas associated with the spill. Their analysis of in-situ waste-affected 
sediments found evidence for long-term leaching of water- and acid-soluble components of fly 
ash. They proposed that agitation of contaminated water in laboratory experiments may not 
accurately reflect the rates of dissolution in streams (Ramsey et al., 2019). A study in North 
Carolina, which included data from nine active coal-power plants, found that liquid waste that 
leached soluble material from solid waste ponds was being released into nearby waterways. The 
study found a significantly higher concentration of Pb in this waste-water from plants that use 
flue gas desulfurization systems, indicating that contaminants being scrubbed to avoid air 
pollution are to some degree ending up in river systems (Ruhl et al., 2012).  
Studies attempting to trace contaminant sources using both isotopic and correlated trace 
metal signatures have shown that combining these types of data is valuable in distinguishing 
between potential sources for which data are available but overlap to some degree. Such research 
has categorized sources of trace metal pollutants by industry, for example, the primary input of 
Mn to the Atlantic Ocean (US steel production) and strongly correlated atmospheric inputs of Ni, 
Zn, and Mn from US coal and oil combustion (Veron et al., 1992). Another study of trace metals 
showed Pb-gas to account for approximately 75% of the worldwide input of Pb to the 
atmosphere in 1983. However, this input was calculated based on limited available information 
about gasoline production and consumption levels, and had to use assumptions about the 
proportions of Pb in gasoline which varied by location (Nriagu and Pacyna, 1988). Because 
industry samples were unavailable and inputs had to be calculated rather than analyzed, no 
correlating trace metal data exist for the largest source of Pb contamination in this research. 
Similarly, due to the overwhelming proportion of Pb from gasoline sources, the study by Veron 
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et al. (1992) excluded Pb from its correlation analyses of trace metal aerosols out of concern that 
it would obscure other sources. 
The processes of refining Pb ore for use as a gasoline additive are proprietary to industry, 
and are potentially variable by source, time, and economic factors including the value of other 
components relative to the cost of their extraction. Thus, the composition of processed Pb-gas 
additives is likely variable both spatially and temporally, and is unknown. During and after 
combustion, the Pb component will not necessarily behave in the same way as other metal 
constituents within gasoline. Lead may not exhibit consistent behavior either due to 
fractionation, as is seen in fly ash (Bhattacharyya et al., 2011). Lead has been shown to have 
high particle affinity. That is, it is readily adsorbed onto other particles. Aerosolized Pb, 
deposited onto soil or transported in water, is especially likely to associate with iron oxides, 
hydrous oxides, and colloidal organic matter (Teutsch et al., 2001; Helland et al., 2002). 
Anthropogenic atmospheric Pb deposits are not likely to be correlated with Ca, Sr, or Ba 
(Shirahata et al., 1980). 
MATERIALS AND METHODS 
Sample Collection 
Stream water samples were collected across the state in a grid encompassing all major 
river basins and geologic provinces. In grid blocks overlying multiple large basins, each basin 
was sampled when possible. Materials with metal parts were avoided during sample collection 
and preparation in order to avoid contamination. Water was collected in a plastic bucket on a 
nylon rope after being rinsed with water from the collection site several times. A minimum of 
125 mL was collected and filtered in the field through a 0.45 μm hydrophilic PVDF filter into a 
polyethylene bottle that had been flux cleaned with ultrapure nitric acid. The samples were 
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immediately acidified to an approximate pH of 2 using concentrated ultrapure nitric acid in order 
to prevent precipitation of dissolved solids prior to preparation for analysis. 
Isotopic Analysis 
Approximately 10 mL of each sample was spiked with a tracer enriched in 84Sr and dried 
down to a salt before dissolution in 3.5 M HNO3. Strontium was isolated using Sr-Spec™ cation 
exchange resin through a 35 μL resin bed after the methods of Lundblad (1994). Strontium 
separates were dried in H3PO4 and loaded along with TaF5 emitter onto Re filaments. Strontium 
was analyzed using the VG-Sector isotope dilution-thermal ionization mass spectrometer (ID-
TIMS) housed in the Department of Geological Sciences at UNC-Chapel Hill using five faraday 
detectors in triple-dynamic mode. Correction for mass fractionation during analysis was 
accomplished by monitoring 86Sr/88Sr = 0.1194, assuming exponential fractionation behavior. 
During the course of analysis, NBS-987 yielded 87Sr/86Sr = 0.710262 ± 0.000020 (n = 25; 2𝜎𝜎) 
and is the best estimate for the uncertainty in analyses (in run analytical precision is at least twice 
as good as external reproducibility). 
Approximately 50 mL of each sample was spiked with 205Pb and dried down to a salt 
before dissolution in 1.1 M HBr for Pb analysis. Lead was isolated using established HBr anion-
exchange column chromatography using a double pass through a 35 μL resin bed. Lead separates 
were dried in H3PO4 and loaded using a silica gel emitter onto Re filaments. Analysis of Pb was 
done on the PhoeniX-X62 ID-TIMS housed in the Department of Geological Sciences at UNC, 
using five faraday detectors in static mode. Correction for mass fractionation during analysis was 
accomplished by analyzing similarly sized NBS-981 standards and is estimated to be 0.02 ± 
0.05%/amu (2𝜎𝜎). Fractionation dominates uncertainty analyses in Pb measurements. 
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Elemental Analysis 
Water samples were analyzed at the Research Triangle Institute International (RTII) for 
major and trace element concentrations following US EPA Method 200.8 (modified; U.S. EPA, 
1994). The method volumes were adjusted to account for the use of a digestion block and a final 
volume of 50 mL. In brief, a 50 mL aliquot of sample was pipetted into a polypropylene, SCP 
Science DigiTUBE digestion tube. Ultrapure nitric and hydrochloric acids were added, and the 
samples were placed in the digestion block with reflux caps on the tops of the tubes. Additional 
tubes containing reagent and calibration blanks, selected sample and blank duplicates, and spiked 
duplicates were likewise prepared. The digestion block maintains a precise temperature between 
all cells and ensures that the samples never boil. After a two-hour heating period, the tubes were 
removed, cooled to room temperature, spiked with internal standard, and then brought to a final 
volume of 50 mL with deionized water. The tubes were capped, shaken, and a nominal 5 mL 
aliquot was transferred to an autosampler tube for analysis by inductively coupled plasma - mass 
spectrometry (ICP-MS) for trace element analysis, and inductively coupled plasma - optical 
emission spectrometry (ICP-OES) for major elements. Uncertainties vary by element and are 
reported in Table 3. 
GIS Analyses 
Shapefiles obtained from the U.S. Census Bureau (2017) and the North Carolina 
Department of Environmental Quality (2015, 2016, 2017) were imported into ArcMap to create 
cartographic representations of the study setting on which to display data. Geologic province 
boundaries in the shapefiles were simplified and the boundaries were terminated at the state line. 
Artificial canals and lakes, the Intracoastal Waterway, and water features on the Outer Banks 
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were removed from the streams shapefile before analyzing the orientation of natural flowing 
surface water. 
The ArcMap spatial statistical analysis tool “Linear Directional Mean” was used on the 
shapefiles to determine mean azimuths of relevant features including geologic boundaries and 
streams. These azimuths were used in plotting data and performing further analyses. The Eastern 
Continental Divide, in part located in the North Carolina mountains, was analyzed using the 
boundaries between eastward- and westward-flowing stream basins. This orientation was used as 
a reference line against which to plot locations of the samples. 
Data Analysis 
Data analysis was performed using code written in R. The data were projected from the 
originally recorded locations in latitude and longitude into the North Carolina coordinate system 
that also includes distance information. This allowed sample locations to be plotted as distances 
from any point or line. The Eastern Continental Divide was randomly assigned a position of zero 
(0) and sample locations were calculated as distance from the Eastern Continental Divide along 
their mean azimuth. Distances for eastward-flowing basins (draining into the Atlantic Ocean) 
were arbitrarily assigned positive values, and distances for westward-flowing basins (draining 
into the Gulf of Mexico) were arbitrarily assigned negative values. 
A Chi-squared analysis showed most of the major and trace elemental concentration data 
to not be normally distributed, so non-parametric tests were used for correlation and statistical 
analyses. The Spearman method was used to compute the correlation values and significance of 





Concentration analyses on ID-TIMS and ICP-MS are highly correlated, with a regression 
of [Sr] stream data from ICP-MS vs. ID-TIMS yielding a slope of 1.000 and an R2 value of 
0.7829 (Fig. 6a-c). The Sr concentration generally increases and diverges toward the east (Fig. 
6a-b). The lowest values as recorded by ID-TIMS analysis (2.7-11.0 ppb, n=6) occur in samples 
from the Eastern and Western Blue Ridge (n=3) as well as the southern Coastal Plain in the 
upper Lumbar River basin (n=3). The highest values (371.0-418.6 ppb, n=2) occur in estuarine 
samples and are excluded from analyses of stream water (Fig.7). The highest [Sr] in stream 
samples (82-116 ppb, n=6) are found in samples from the Gondwana terrane (n=5) with one 
additional near-estuary sample from the Coastal Plain (Table 2).  
87Sr/86Sr ratios vary significantly across the state, ranging from 0.704873 to 0.726745 
(Table 2). The highest and most radiogenic values are found in the western part of the state. 
Values decrease eastward before rising again in waters of the coastal plain (Fig. 8). In the 
easternmost samples, the Sr isotopic compositions converge toward recent seawater values 
Lead 
The analyses on ID-TIMS and ICP-MS are highly correlated, with a regression of [Pb] 
stream data from ICP-MS vs. ID-TIMS yielding a slope of 1.121 and an R2 value of 0.9213 (Fig. 
9a-c). The Pb concentration begins low on both sides of the Eastern Continental Divide but 
begins to diverge to a wider range in the Piedmont Terrane and continuing eastward (Table 2, 
Fig. 9b-c). The full range of concentrations as recorded by ID-TIMS analysis is 0.0088- 0.8751 
ppb, with most lower values found in the western part of the state, then diverging and exhibiting 
an abrupt increase beginning about 90 km east of the mean Eastern Continental Divide, near the 
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boundary between the Piedmont and Gondwana Terranes. This sharp increase first occurs in 
samples from the Gondwana province and is sustained in samples from the rift basins and 
Coastal Plain. 
The isotopic composition of dissolved Pb in North Carolina surface waters shows little 
differentiation by geology. Both 208Pb/206Pb (1.9486 - 2.0575, Fig. 10) and 206Pb/207Pb (1.1820 – 
1.2744, Fig. 11) have fairly narrow ranges relative to bedrock and widespread homogeneity in 
stream water across the state (Table 2).  
Major and Trace Element Concentrations 
Concentrations of various elements of interest (25 including Sr and Pb) were analyzed on 
ICP-MS for trace elements and ICP-OES for major elements (Table 3). Most elements analyzed 
show similar trends to [Sr] and [Pb], with concentrations generally increasing and diverging 
toward the east. Some elements show little variation in concentration versus distance 
downstream, including Tl, Mo, Ba, Se, Mg, and Na. Antimony, V, and Cr show the highest 
concentrations within the Gondwana and rift basin samples, not in the Coastal Plain. Copper 
shows a trend increasing and diverging in concentration through the Gondwana and rift basin 
provinces, then decreasing and converging eastward through the Coastal Plain. Beryllium also 
shows an unusual pattern, with a dip in values in some Gondwana samples, and a spike in the 
western Coastal Plain (Figures 12a-w). 
DISCUSSION 
GIS Analyses 
GIS analysis of the major geologic provinces shows their boundaries to have a mean 
trend at an azimuth of approximately 43°. The mean azimuth of major streams is approximately 
136°, or about 93° from the mean azimuth of the geologic boundaries. Thus, the drainage 
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direction is essentially orthogonal to province boundaries and the drainages tend to cross the 
boundaries as they progress downstream. The Eastern Continental Divide has a trend along mean 
azimuth of approximately 59° within the study area (Fig. 13). Locations of sample sites were 
calculated as distance from the Eastern Continental Divide along the mean azimuth of streams 
(136°). 
Strontium and Lead Concentrations and Elemental Correlations 
The regression of [Sr] stream data from ICP-MS vs. ID-TIMS yielding a slope of 1.000 
indicates an excellent match between concentration results from both instruments. The R2 value 
of 0.7829 reflects the spread of values on either side of the mean, i.e. a degree of imprecision in 
the analyses. Strontium concentration in the dissolved load generally increases and diverges 
downstream, but with the lowest values in the central provinces elevated relative to the lowest 
values in the mountains and Coastal Plain. Using only ICP data in order to obtain the most 
accurate comparisons, 14 out of 24 major and trace elements show statistically significant 
correlation (confidence level = 0.95) with [Sr]. Correlation tests used the Spearman 
(nonparametric) method since most elemental data did not show a normal distribution; results for 
all 24 elements plus Sr are listed in Table 4. Strontium shows the highest correlation with Mg, 
Ca, Na, and Ba, in order of decreasing correlation.  
The regression of [Pb] stream data from ICP-MS vs. ID-TIMS yielding a slope of 1.121 
indicates that analyses on ICP-MS yielded higher concentration values than ID-TIMS. The R2 
value of 0.9213 reflects that this pattern is consistent, with minimal variation. Lead concentration 
shows a well-defined increase downstream. All Pb values measured in North Carolina stream 
water remain well below the EPA action level for drinking water. However, levels of dissolved 
Pb show a marked increase and spread in samples starting at the eastern edge of the Gondwana 
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Terrane, located about 90km from the mean Eastern Continental divide. The higher levels are 
sustained in samples from the rift basin and Coastal Plain provinces. Using only ICP data in 
order to obtain the most accurate comparisons, 18 out of 24 major and trace elements show 
statistically significant correlation (confidence level = 0.95) with [Pb]. Correlation tests used the 
Spearman (nonparametric) method; results for all 24 elements plus Pb listed in Table 4. Lead 
shows the highest correlation with Cr, Al, Fe, Be, and Ni, in order of decreasing correlation. 
Strontium and Lead Isotopic Variation 
Analysis of the Sr in the dissolved load shows isotopic variation to exhibit a spatial trend. 
The 87Sr/86Sr values in western North Carolina are relatively high, reaching a maximum of 
0.726745. A considerable spread is seen in samples originating in the Piedmont and Gondwana 
Terranes, with each province showing variability greater than 0.01. Overall, values decrease 
eastward through the Piedmont Terrane before reaching a minimum of 0.704873 in the 
Gondwana Terrane, at which point the values begin to trend upward. Rift basin values fall within 
the range of Gondwana samples, and samples from the Coastal Plain province converge toward 
the recent seawater value of 0.709 nearing the coast. 
Isotopic analyses of Pb in the dissolved load also show a spatial trend, though the 
relationships between isotopic composition, geologic province, and distance downstream are less 
pronounced. Though there is a general decreasing trend in 206Pb/207Pb, a considerable amount 
overlap is seen among values from the various provinces. The spread in 206Pb/207Pb also seems to 
be consistent versus distance before narrowing within the Coastal Plain. A spatial trend is also 
seen in a plot of 208Pb/206Pb versus distance downstream, with values increasing from west to 
east. This trend again exhibits overlap regardless of geologic variation and a consistent spread 
until values once again converge slightly in Coastal Plain samples. Plotted as 208Pb/206Pb vs. 
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206Pb/207Pb there is a clear linear trend among surface water samples (Fig. 14). The higher 
208Pb/206Pb and lower 206Pb/207Pb end of this trend is near the greatest concentration of North 
Carolina bedrock values from the literature (see section 2.3 above). However, most bedrock Pb 
data plot higher in 208Pb/206Pb and lower in 206Pb/207Pb relative to stream water (Fig. 15). 
Sources of Dissolved Strontium 
The findings on 87Sr/86Sr in this study are in agreement with those of Watts et al. (2019) 
and Cary (2018), that showed dissolved Sr in surface waters to be isotopically controlled by local 
geology. In the headwaters of the Neuse and Cape Fear River basins, dikes with low 87Sr/86Sr 
likely direct groundwater flow along easily-weathered mafic rock but lack significant surface 
exposure. This results in a high degree of influence by dikes on the dissolved load composition 
relative to the more common and higher 87Sr/86Sr country rock. In the Coastal Plain, a gradual 
convergence toward recent seawater isotopic ratios nearing the coast reflects the isotopic change 
in seawater Sr over time during the deposition and lithification of marine sedimentary bedrock, 
successively extending to the modern shoreline. The resulting statewide trend, shown in Fig. 16, 
is highest in the west, decreasing toward the east with the lowest values found in the Gondwana 
and rift basin provinces, then increasing and converging toward the modern seawater value of 
0.709. Stream water Sr is closely related to isotopic patterns in bedrock age, type, and structure. 
Elemental concentrations support these findings, as the highly correlated Mg, Ca, and Ba are all 
alkaline earth metals that readily substitute with Sr in minerals, and Na is a major component in 
the common mineral plagioclase feldspar along with Ca. The elements Sr, Mg, Ca, and Na are 
also important constituents in seawater, from which the bedrock of the Coastal Plain was 
deposited. These combined isotopic and elemental results support the conclusion that bedrock 
exerts the dominant control on dissolved Sr in North Carolina streams. 
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Sources of Dissolved Lead  
Lead isotope fingerprint plots (Figures 17a-f) show 208Pb/206Pb vs. 206Pb/207Pb for stream 
water and potential geologic and anthropogenic influences. North Carolina bedrock values are 
highly variable compared to the narrow ranges and linear trend of dissolved Pb from surface 
water (Fig. 17a). Bedrock data from central North Carolina suggest a more consistent geologic 
signature, and with a trend similar to that of water (Fig. 17b), yet the limitations on rock types 
surveyed may contribute to the narrow ranges in values. Aside from a handful of isolated western 
NC bedrock values, no geologic data could account for highest 206Pb/207Pb values in the water, 
and those bedrock data are far from the dissolved Pb trend. Thus, our isotopic data are not fully 
explained by geologic sources for which comparison data are available. Surface geology seems 
to be of low importance, as data from the various geologic provinces show considerable overlap. 
The Coastal Plain and Rift Basin values are statistically differentiated from the Blue Ridge 
provinces, with each showing overlapping values among those pairings. The isotopic Pb values 
in the Piedmont and Gondwana Terranes overlap all other provinces, and in fact represent the 
extremes at each end of the linear trend. This indicates that major sources of dissolved Pb are 
widespread, and location is not the primary control on isotopic differentiation. Additionally, the 
dissolved Pb data most concentrated near bedrock Pb come from the Coastal Plain province, with 
the largest spatial separation from available geologic data.  
Stream water samples show the dissolved load to have a clear linear relationship. This is 
inconsistent with derivation of Pb from geologic sources with variable U-Th/Pb and age. Rather, 
this robust trend indicates that the primary control on the isotopic composition of dissolved Pb is 
widespread and homogenous throughout the state. Only anthropogenic influences can create such 
a pattern, considering the comparison to geologic values. However, given that the highest 
26 
concentration of bedrock values is centered at one end of the dissolved Pb trend, and that central 
North Carolina bedrock in particular show a near-linear trend overlapping with the lower 
206Pb/207Pb end of the water data, their impact cannot be entirely discounted. The correlation 
suggests that bedrock has a minor influence on the isotopic ranges of dissolved Pb, drawing 
values toward higher 208Pb/206Pb and lower 206Pb/207Pb. 
With data indicating an anthropogenic primary source for dissolved Pb, water data are 
plotted with various possibilities on isotopic fingerprint plots (Figures 17c-f). In Figure 17c, 
values accepted as the characteristic isotopic signature of US Pb-gas (Sherrell and Boyle, 1992; 
Teutsch et al., 2001) are plotted as a zone in 208Pb/206Pb and 206Pb/207Pb. The range of 206Pb/207Pb 
values given by the ALAS model, representing temporal change in anthropogenic Pb and in 
which Pb-gas is a controlling factor of change, is indicated along that axis (Hurst, 2000; Kaplan, 
2003). The isotopic trend of surface waters extends linearly toward lower 208Pb/206Pb and higher 
206Pb/207Pb values, though its higher 208Pb/206Pb and lower 206Pb/207Pb values, dominantly from 
samples collected from the sedimentary rock provinces of the Coastal Plain and rift basin, 
coincide remarkably with Pb-gas (after Teutsch et al., 2001). Yet the trend given by Teutsch et 
al. (2001) encompasses a much narrower range in 206Pb/207Pb than the ALAS model. About two-
thirds of the dissolved Pb data points fall within the range of the ALAS model, where the 
maximum value is 1.218 (Hurst, 2000; Kaplan, 2003). Data from 1981 show that parts of the 
eastern US had atmospheric 206Pb/207Pb of 1.224-1.225 (Patterson and Settle, 1987, Veron et al., 
1992), suggesting that the ALAS model may not fully represent the aerosol Pb signature of this 
region. Therefore, if the signature in the eastern US was higher in 206Pb/207Pb than generalized 
models, and if the relative 208Pb/206Pb to 206Pb/207Pb characterized by Sherrell and Boyle (1992) 
and Teutsch et al. (2001) is representative of the US Pb-gas trend, the water data in this study 
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indicate that the inputs of Pb-gas and its composition in this region have not been thoroughly 
researched. Available data do not account for the highest 206Pb/207Pb values in stream samples. 
Despite the potentially incomplete picture of Eastern US Pb-gas available in the literature, the 
data suggest that Pb-gas remains a significant control on dissolved Pb in surface water in North 
Carolina. 
Lead signatures of fly ash from coal-burning power plants have recently been analyzed 
by Wang et al. (2019).  Fly ash data were categorized by the basins from which coal was 
sourced, and each basin showed a slightly different signature in 208Pb/206Pb and 206Pb/207Pb. 
Results from the Appalachian Basin (APP), Illinois Basin (ILL), and Powder River Basin (PRB) 
coals are plotted with North Carolina Water in Figure 17d. Fly ash from both the Appalachian 
Basin and Illinois Basin coals show a linear trend and plot along a similar slope to the water data 
but are higher in 208Pb/206Pb relative to 206Pb/207Pb. The Powder River Basin coals have the 
greatest difference in values from the water data and do not exhibit a trend on this plot. 
Sediments analyzed from a lake in southeast North Carolina showed the strongest isotopic 
correlation to APP coal, and were suggested to be significantly impacted by APP fly ash (Wang, 
et al., 2019). Yet, of the fly ash sources analyzed in that study, the Illinois Basin coal is of 
greatest interest because its trend is the most similar to dissolved Pb in streams statewide, and it 
shows the greatest range in 206Pb/207Pb, though it does not reach the minimum or maximum 
values found in water (Fig. 17e).  However, isotopic coal data from the main sources used in 
North Carolina energy production fall closer to the trend in surface water throughout the state, 
especially the signatures from West Virginia and Kentucky coals (Fig. 18). The signature of 
Pennsylvania coals is the highest in 208Pb/206Pb, and plotted against 206Pb/207Pb do not overlap 
with water data. However, the combined coal data from these states cover a wider range in both 
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208Pb/206Pb and 206Pb/207Pb relative to the coals analyzed in Wang et al. (2019), ranges that are 
strikingly similar to those in surface water data. The coal data are an especially significant match 
at the higher 206Pb/207Pb values not attributable to published Pb-gas data. This isotopic evidence 
from coals known to be burned in great quantities in North Carolina suggests that current coal 
power production is also a significant control on the dissolved Pb signature in surface water. 
Coal signatures have been established as having a similar Pb isotope relationship to that of Pb-
gas additives, though tending to trend higher in 206Pb/207Pb (Chow and Earl, 1972). If coal waste 
and remnant Pb-gas are each contributing comparable quantities of labile Pb, the combined 
influence of these two major sources would be expected to show a linear isotopic fingerprint as is 
seen in water data in North Carolina. 
Two samples from the same stream in the Yadkin-PeeDee Basin on the western edge of 
the Piedmont province show values higher in 206Pb/207Pb than the nearest Pb-gas or coal values 
in the literature. The geographic relationship between these samples and their relatively higher 
206Pb/207Pb, though still linearly related to the rest of the dissolved Pb, suggests an upstream 
point source of contamination mixing with the dominating sources discussed above. Industrial 
processing of high 206Pb/207Pb ores, such as for steel production or metal refining, is the simplest 
explanation. Dissolved Pb data are plotted with major Pb-ore source signatures in Figure 17f 
(Wang et al., 2019). The three highest in 206Pb/207Pb are all located in states bounding the 
Mississippi River, and are some of the closest large Pb deposits to North Carolina. The outliers 
in dissolved Pb data suggest local industrial use of high 206Pb/207Pb ore, from which some waste 
is mixing with the more significant signatures of Pb-gas and coal. The dominant control by Pb-
gas and coal is evidenced by the outlying data points still falling on the linear statewide trend. 
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Further Analysis of Pb Sources Using [Pb] and Elemental Correlations 
Incorporation of concentration data provides additional insight into sources influencing 
dissolved Pb. An aspect of Pb concentration data indicating an anthropogenic source is the spike 
in [Pb] within the Gondwana Terrane. Topographic variability is a control on land use, which 
affects erosion rates and contaminant sources to streams. Widespread anthropogenic deposits are 
subject to the patterns of weathering and erosion in the area of deposition. The Piedmont terrane, 
at the base of the Appalachian Mountains and to the west of the Gondwana Terrane, is 
characterized by significantly variable topography, including rolling hills and somewhat isolated 
areas of small mountains. In contrast, the hills of the Gondwana Terrane have gentler slopes, 
shallowing toward the boundary with the Coastal Plain (Stewart and Roberson, 2007). A high 
percentage of the Blue Ridge and Piedmont provinces are forested, and would therefore have 
relatively low erosion rates compared to areas with more agricultural and urban development 
(McKerrow, 2006). The Gondwana Terrane is relatively higher than the Piedmont Province in 
percentages of agricultural and urbanized land, land use types that increase erosion and 
contaminant sources to streams (McKerrow, 2006).  
The spike in Pb concentration, beginning near the boundary between the Piedmont and 
Gondwana Terranes about 90 km downstream of the Eastern Continental Divide, may reflect 
differences in topography and land use between the two provinces, as well as the resulting 
erosional pattern. The rift basin province exists in two thin zones, parallel to other geologic 
provinces and perpendicular to stream flow. The western of the two is bounded by the Piedmont, 
is dominantly forested, and Pb concentration data are similar to Piedmont values. The eastern 
basin is also highly forested and is located near the boundary between the Gondwana and Coastal 
Plain provinces. Lead concentrations in this basin are similar to those from the Gondwana 
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Terrane, with higher but more varied values than the western basin and other provinces to the 
west. The Coastal Plain province, with gentle topography and dominantly sedimentary bedrock, 
is especially high in agricultural land use (McKerrow, 2006). The resulting pattern of Pb 
concentrations covers a wide range, trending higher to the east, with the lower values in the 
range increasing steadily throughout the Coastal Plain.  
Elemental correlations support an anthropogenic source for dissolved Pb. Atmospheric 
Pb, which is overwhelmingly anthropogenic in origin, shows high particle affinity towards Fe (as 
oxides; Teutsch et al., 2001), with which the Pb data from North Carolina surface waters are 
highly correlated (Fig. 19). Data reporting correlations of Pb to other anthropogenic atmospheric 
inputs suggest oil combustion as a major source of Ni and both coal combustion and steel 
processing as significant sources of Cr (Nriagu and Pacyna, 1988). Our data suggest that as Ni 
and Cr can be aerosolized during other anthropogenic processes involving atmospheric Pb 
inputs, combustion of Pb-gas is also a potential source of these components. However, this study 
by Nriagu and Pacyna did not collect data on major or trace components of Pb-gas (the 
dominating source of atmospheric Pb at the time of that study), nor did it assess inputs for Al or 
Be, with which our dissolved Pb were also highly correlated.  
Another anthropogenic source is agricultural production. Unfortunately, robust data on 
the chemistry of various agricultural influences are not available. This requires information on 
what fertilizers are being applied, in what regions of NC and in what quantities, along with 
isotopic analyses of the Pb present. However, elemental correlations provide the basis for a 
simple analysis of the impact of fertilizer use on dissolved Pb. Fertilizer products are applied 
mainly to increase the concentration of the nutrients N, P, and/or K in soils. Lead shows only 
moderate correlation with P relative to other elements analyzed, and minimal correlation with K 
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(nitrogen levels were not analyzed). This suggests that variation in [Pb] is unlikely to be 
significantly attributable to fertilizer use. Existing data are insufficient to speculate on the degree 
of influence from agricultural products on North Carolina dissolved Pb. Without a robust survey 
of fertilizer use in North Carolina agriculture, including chemical analyses of types of fertilizers 
used as well as the volumes and locations of the use of each, no firm conclusions about their 
influence may be drawn. Acknowledging the absence of such data, however, we suggest that 
agricultural practices are improbable as a major control on dissolved Pb because the variety of 
fertilizers applied is unlikely to have a widely distributed and minimally varying isotopic Pb 
signature, as is required by the robust water trend.  
CONCLUSIONS 
This study of the dissolved load in North Carolina surface waters finds Sr sourced 
primarily from bedrock, with significant seawater contribution approaching the coast. Strontium 
isotopes vary widely in the middle of the state where a network of mafic dikes is proposed to 
exert structural control on groundwater flow and have disproportionate influence on the 
dissolved load relative to surface exposure. Elemental correlations Sr support the evidence from 
isotopic analysis. 
In contrast, Pb is widespread and isotopic values from the central terranes show 
significant overlap with all provinces, indicating that location and geology are not the dominant 
controls on isotopic differentiation and suggesting that Pb is derived primarily from 
anthropogenic sources. The Pb data are isotopically closely related to North American leaded 
gasoline, regardless that it was phased out for road-use vehicles in the 1990’s. On an isotopic 
fingerprint plot, the values from water which are lower in 206Pb/207Pb show the strongest 
correlation, whereas samples higher in 206Pb/207Pb are more significantly related to sources of 
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coal burned in North Carolina power plants. Bedrock appears to be a minor contributor of Pb; 
however, as water moves away from its source, this Pb isotopic signature is quickly 
overwhelmed as [Pb] rises. Elemental correlations with Pb are also indicative of anthropogenic 
sources, and support the findings from isotopic evidence. The combined isotopic record in the 
literature of Pb-gas additives from the 20th century and eastern US coals still burned in power 
plants today suggest a mixture of waste from these sources dominates the dissolved Pb in North 











Figure 2: Map of the generalized physiographic provinces of North Carolina; after Stewart and Roberson (2007) 






















Figure 3: An isotopic fingerprint plot of North Carolina bedrock, plotted as 208Pb/206Pb vs. 206Pb/207Pb. Western NC 





Figure 4: Map of the 17 discrete river basins in North Carolina. The Eastern Continental Divide (in red) delineates 
the boundary between eastward-flowing basins emptying into the Atlantic Ocean and westward-flowing basins 
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   Figure 6a     Figure 6c 
 
Figure 5: Adapted from Watts, et al. (2019): Sr isotopic composition of the dissolved load in the Cape Fear River 
Basin. 87Sr/86Sr ratios begin low in the headwaters and steadily rise to seawater level (0.709) in the estuary. The 
Carolina Slate Belt and Raleigh Belt on this plot are parts of the Gondwana Terrane, and the Triassic Basin is 
referred to herein as “Rift Basin.” 
Figure 6a-c: Analyses of [Sr] in the dissolved load in North Carolina river water. The legend in Figure 6a 
differentiates between the geologic provinces from which each water sample was collected. Except where otherwise 
noted, all plots hereafter containing this color-coded symbology indicate analyses of water and sample locations. 
Square symbols indicate data first reported by Watts et al. (2019)  
a. Correlation plot of [Sr] stream data from ICP-MS vs. ID-TIMS by sample; Slope = 1.000, R2 = 0.7829 
b. Dissolved load [Sr] in parts per billion (ppb) as analyzed on ICP-MS, plotted against distance from the Eastern 
Continental Divide along mean stream direction (see section 5.1 for further explanation of distance calculation 
process). Estuary results are not plotted here (see Fig. 7) in order to show statewide variation in [Sr]. Lowest 
[Sr] is found in the western-most provinces, with concentrations and the range in values increasing toward the 
east. Coastal Plain samples have lower minimum concentrations relative to those from the Piedmont, 
Gondwana, and rift basin provinces, and lower maximum concentrations relative to Gondwana Terrane samples 
when estuary results are excluded. 
c. Dissolved load [Sr] in ppb as analyzed on ID-TIMS, plotted against distance from the Eastern Continental 
Divide. Estuary results are not plotted here (see Fig. 7), and results and trends are similar to those collected by 
ICP-MS (described in 6b above). 
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Figure 7: Dissolved load [Sr] in ppb as analyzed on ID-TIMS, plotted against distance from the Eastern Continental 
Divide. Estuary results are included here, and the extremely high [Sr] values obscure the trend within stream water 
throughout the state. 
Figure 8: Isotopic variation in Sr, plotted as 87Sr/86Sr against distance from the Eastern Continental Divide. Highest 
isotopic values are located in the western part of the state, decreasing eastward through the Gondwana Terrane, then 
increasing and converging towards seawater value within the Coastal Plain. 
Figure 9: Analyses of [Pb] in the dissolved load in North Carolina river water.  
a. Correlation plot of [Pb] stream data from ICP-MS vs. ID-TIMS by sample; Slope = 1.121, R2 = 0.9213 
b. Dissolved load [Pb] in ppb as analyzed on ICP-MS, plotted against distance from the Eastern Continental 
Divide. Relatively low [Pb] is recorded throughout the Blue Ridge Provinces and showing only a minor 
increase in the Piedmont Terrane, before exhibiting a spike in concentration and wide range of values near the 
western boundary of the Gondwana Province, which is continued through rift basin and Coastal Plain samples. 
Whereas the range remains wide, minimum [Pb] values steadily increase through the Coastal Plain. 
 Figure 9a-c 
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Figure 9c: Dissolved load [Pb] in ppb as analyzed on ID-TIMS, plotted against distance from the Eastern 
Continental Divide. Results and trends are similar to those recorded by ICP-MS and described in 9b above. 
Figure 10: Isotopic variation in Pb, plotted as 208Pb/206Pb against distance from the Eastern Continental Divide. 
Mean values are lower in the west and increase eastward, but there is significant overlap in values among geologic 
provinces. 
Figure 11: Isotopic variation in Pb, plotted as 206Pb/207Pb against distance from the Eastern Continental Divide. 








































Figure 12a-12w: Concentrations for 23 
major and trace elements, as analyzed on 
ICP-MS (15 trace elements) or ICP-OES 
(eight major elements, noted below) and 
plotted against distance from the Eastern 
Continental Divide. Full captions for each on 
following page. 
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Figure 12a:    Al: analyzed on ICP-OES; concentration generally increasing and diverging toward the east, 
especially high in the Coastal Plain 
b. As: concentration generally increasing and diverging toward the east 
c. Ba: little variation in concentration versus distance downstream 
d. Be: little variation in concentration versus distance downstream but with a slight increase in values 
downstream, with a dip in values in some Gondwana samples, and a spike in the western Coastal Plain 
e. Ca: analyzed on ICP-OES; concentration generally increasing and diverging toward the east 
f. Cd: little variation in concentration versus distance downstream, but with a spike in several samples at the 
Gondwana and Coastal Plain Boundary 
g. Co: concentration generally increasing and diverging toward the east 
h. Cr: concentration generally increasing and diverging toward the east 
i. Cu: little variation in concentration versus distance downstream 
j. Fe: analyzed on ICP-OES; concentration generally increasing and diverging toward the east 
k. K: analyzed on ICP-OES; concentration generally increasing and diverging toward the east 
l. Mg: analyzed on ICP-OES; little variation in concentration versus distance downstream, two high outliers 
in Coastal Plain 
m. Mn: analyzed on ICP-OES; concentration generally increasing and diverging toward the east 
n. Mo: little variation in concentration versus distance downstream, one outlier in Gondwana Province 
o. Na: analyzed on ICP-OES; concentration generally increasing and diverging toward the east, with increase 
not maintained through Coastal Plain; *NOTE: Y-axis was altered from full extent in order to see statewide 
variation, due to two outliers in the Coastal Plain ([Na] = 532,320 and 604,828 ppb) 
p. Ni: concentration generally increasing and diverging toward the east 
q. P: analyzed on ICP-OES; concentration generally increasing and diverging toward the east 
r. Sb: little variation in concentration versus distance downstream, with small increase in a few samples 
correlated to distance; two high outliers in central Gondwana Province 
s. Se: little variation in concentration versus distance downstream 
t. Tl: little variation in concentration versus distance downstream 
u. U: concentration generally increasing and diverging toward the east 
v. V: concentration generally increasing and diverging toward the east, spike in central Gondwana Province, 
increase not maintained through Coastal Plain 




Figure 13: Map showing North Carolina geology and river basins. Streams are also shown, along with mean 
orientations of important features, determined through spatial statistical analyses in ArcMap: geologic boundaries 
have a mean trend at azimuth ~43°; major streams have a mean trend at azimuth ~136°; the Eastern Continental 






Figure 14: Isotope fingerprint plot of dissolved Pb in North Carolina surface water, plotted as 208Pb/206Pb vs. 
206Pb/207Pb. A clear linear trend extends from high 208Pb/206Pb and low 206Pb/207Pb toward low 208Pb/206Pb at higher 
206Pb/207Pb. There is significant overlap in values regardless of sample location (as sorted by geologic province of 
sampling location, a proxy for downstream distance), suggesting that Pb from geologic sources is not a major 
control on the isotopic signature of dissolved Pb. 
Figure 15: Isotope fingerprint plot, as 208Pb/206Pb vs. 206Pb/207Pb, of water data from this study (blue) with bedrock 
values for western and central North Carolina as reported by LeHuray (1986), Sinha et al. (1996), Fisher (2010), and 
Callegaro et al. (2013). 
Figure 16: Statewide isotopic variation in Sr, plotted as 87Sr/86Sr against distance from the Eastern Continental 
Divide. Highest (most radiogenic) values are located in the oldest geologic provinces in the western part of the state. 
Values decrease, correlated with rock age, eastward through the Piedmont and Gondwana Terranes, then increase 
and converge towards the modern seawater value (0.709; dashed horizontal line) within the Coastal Plain. 
Figure 17: Isotope fingerprint plots, as 208Pb/206Pb vs. 206Pb/207Pb, of water data from this study (color coded by 
geologic location of sample) plotted with data from various possible sources of the dissolved Pb: 
a. Data from western (brown triangles) and central (red triangles) bedrock are plotted with water data. Bedrock 
values, especially those from the Blue Ridge provinces, have a wide and varied range relative to the dissolved 
Pb trend. Two bedrock outliers, with the highest 206Pb/207Pb values, are not shown. The highest concentration of 
bedrock values is very close to the highest 208Pb/206Pb and lowest 206Pb/207Pb end of the water Pb trend. 










Figure 17b: Central North Carolina bedrock values show 
a somewhat linear trend similar to that of dissolved Pb, 
with the higher 206Pb/207Pb end of the rock trend 
overlapping with the lower 206Pb/207Pb end of the water 
trend. However, the water data most concentrated toward 
bedrock values come from the Coastal Plain province. 
Along with the minor overlap in values relative to the size 
of the data sets and the disparate ranges between bedrock 
and dissolved Pb signatures, this indicates that bedrock 






c. Dissolved Pb in water plotted with (1) a proposed US Pb-gas fingerprint (pink oval, after Sherrell and Boyle 
(1992) and Teutsch et al. (2001)) and (2) the range in 206Pb/207Pb covered by ALAS model (gray hatching, after 
Hurst (2000) and Kaplan (2003)). The Pb-gas fingerprint overlaps with the highest 208Pb/206Pb and lowest 
206Pb/207Pb end of the water Pb trend (19 out of 75 data points), and indicates a narrow but linear signature for 
Pb-gas on a 208Pb/206Pb vs. 206Pb/207Pb plot. The ALAS model demonstrates the temporal change in 206Pb/207Pb 
from the late 1950’s through the early 1990’s, during which time anthropogenic Pb increased in 206Pb/207Pb, and 
was dominated by aerosolized Pb from leaded gasoline combustion. The ALAS model does not include any 
data for 208Pb/206Pb, and its significance on this plot is restricted to its range on the x-axis only. About two-
thirds of the dissolved Pb data points fall within the 206Pb/207Pb range of the ALAS model. Other data on 
Eastern US Pb aerosols (teal box, after Veron et al. (1992)) ranged higher in 206Pb/207Pb than other models, and 
suggest that values above 1.20 are representative of Eastern US values. This was at a time when Pb-gas was the 
overwhelmingly highest input of Pb aerosols. 
d. Dissolved Pb in water plotted with fly ash sourced from coals from (1) the Appalachian Basin (APP), (2) the 
Illinois Basin (ILL), and (3) the Powder River Basin (PRB). ILL and APP show linear trends essentially parallel 
to the stream data, but higher in 208Pb/206Pb relative to 206Pb/207Pb. PRB data shows no trend on this plot. ILL 
data is both the closest in values to dissolved Pb as well as having the greatest spread in 206Pb/207Pb. Water data 












Figure 17e: Dissolved Pb in water plotted with fly ash sourced from coals from (2) the Illinois Basin (ILL). Some 
overlapping of data is visible and trends are linear and close to parallel, but ILL data trend higher in 208Pb/206Pb 
vs. 206Pb/207Pb relative to the dissolved Pb trend. Water data encompass a greater range on both axes than ILL. 
f. Dissolved Pb in water plotted with isotopic signatures of major Pb ore sources used in the US (Wang et al., 
2019). The three ores highest in 206Pb/207Pb are located in states bordering the Mississippi River in the US. 
Figure 18: Dissolved Pb in water plotted with isotopic Pb data from the three largest modern sources of coal burned 
for generation of electricity in North Carolina: Pennsylvania, West Virginia, and Kentucky (Chow and Earl, 1972; 
North Carolina, 2019). 
Figure 19: Dissolved load [Fe] vs [Pb] in ppb, as analyzed on ICP-MS. Data demonstrate a statistically significant 




Figure 17f Figure 19 
Figure 18 
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Location 207Pb/206Pb  Source 
Balmat 1.088 1 
Shafter 1.152 1 
Austinville/Ivanhoe 1.213 1 
Central TN 1.245 1 
Eastern TN 1.240 1 
Durango, Mexico 1.200 2 
Taxco, Mexico 1.190 2 
Cerro de Pasco, Peru 1.200 2 
Casapalea, Peru 1.200 2 
San Cristobal, Peru 1.200 2 
Mt, Isa, Australia 1.040 2 
Broken Hill, Australia 1.040 2 
Mississippi Valley, Missouri 1.30-1.39 2 
Southeast MO 1.339 1 
Tri-State 1.375 1 
Upper Mississippi Valley 1.406 1 
Idaho 1.060 2 
Utah 1.230 2 
 
Table 1: 207Pb/206Pb signature of Pb ore deposits located in the United States (1; Wang et al., 2019) or known to 
have been mined as a source for additives to leaded gasoline sold in the US (2; Kaplan, 2003) 
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Sample Longitude Latitude Distance from ECD (km) Province Basin 
32-2017 RCC -82.209 35.746 -5.62 EBR FBR 
70-2017 RCC -80.670 34.830 159.12 GDW CAT 
71-2017 RCC -80.520 34.920 157.31 GDW YAD 
73-2017 RCC -79.530 34.820 214.00 CP LBR 
73-2017 RCC.d -79.530 34.820 214.00 CP LBR 
74-2017 RCC -79.090 34.770 239.52 CP LBR 
EC02 -78.980 36.060 115.08 GDW NEU 
EC03 -78.980 36.060 115.08 GDW NEU 
EC04 -78.980 36.060 115.08 GDW NEU 
EC05F -78.980 36.060 115.08 GDW NEU 
EC05U -78.980 36.060 115.08 GDW NEU 
EEH-02F -79.150 36.190 94.28 GDW NEU 
EEH-02U -79.150 36.190 94.28 GDW NEU 
EFL-03U -78.580 35.940 145.31 GDW NEU 
EW-CRB -78.750 36.050 126.54 RB NEU 
EW-EEH -79.150 36.190 94.28 GDW NEU 
EW-EFL -78.580 35.940 145.31 GDW NEU 
EW-EFL02 -78.580 35.940 145.31 GDW NEU 
EW-FB -76.950 34.990 314.50 CP NEU* 
EW-FR -76.970 35.070 305.49 CP NEU* 
EW-GC -77.130 35.180 287.20 CP NEU* 
EW-GFT2 -77.450 35.370 253.68 CP NEU 
EW-LRB -78.720 36.050 127.90 RB NEU 
EW-LRGS -78.190 35.590 198.21 GDW NEU 
EW-LRNM -78.030 35.350 229.66 CP NEU 
EW-LROM -78.020 35.370 228.09 CP NEU 
EW-MFL -78.680 36.060 128.71 RB NEU 
EW-MFL02 -78.680 36.060 128.71 RB NEU 
EW-NLB -78.670 36.000 135.20 GDW NEU 
EW-PL -77.940 35.310 237.76 CP NEU 
EW-RGS -78.410 35.650 182.21 GDW NEU 
EW-SCM -77.060 35.140 294.38 CP NEU 
EW-SCNM -77.150 35.220 282.25 CP NEU 
EW-SCOM -77.110 35.230 283.02 CP NEU 
EW-SS -77.850 35.230 249.90 CP NEU 
EW-TR -77.050 35.100 298.88 CP NEU* 
EW-WEH -79.190 36.210 90.45 GDW NEU 
EW-WFL -78.820 36.090 119.34 RB NEU 
EW-WFL02 -78.820 36.090 119.34 RB NEU 
MFL-03U -78.676 36.056 129.29 RB NEU 
NCSW-01A -79.147 35.776 135.92 GDW CPF 
NCSW-01B -79.147 35.776 135.92 GDW CPF 
NCSW-02 -78.414 36.348 111.69 GDW ROA 
NCSW-03 -78.768 36.334 97.16 GDW TAR 
NCSW-04 -79.108 36.386 76.58 GDW ROA 
Table 2.a: 
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Sample Longitude Latitude Distance from ECD (km) Province Basin 
NCSW-05 -79.736 36.473 39.10 PM ROA 
NCSW-06 -79.993 36.375 37.05 RB ROA 
NCSW-07 -79.944 36.033 73.45 GDW CPF 
NCSW-08 -79.147 35.776 135.92 GDW CPF 
NCSW-09 -81.822 36.239 -35.52 WBR WAT 
NCSW-10 -81.603 36.448 -45.65 WBR NEW 
NCSW-11 -81.337 36.474 -35.60 EBR NEW 
NCSW-12 -81.366 36.086 1.37 PM YAD 
NCSW-13 -81.539 35.992 2.38 PM YAD 
NCSW-14 -81.677 35.793 15.47 PM CAT 
NCSW-15 -80.416 36.014 53.29 GDW YAD 
NCSW-16 -80.831 35.836 51.52 PM YAD 
NCSW-17 -82.686 35.797 -33.76 WBR FBR 
NCSW-18 -83.594 35.332 -33.23 WBR LTN 
NCSW-19 -83.841 35.202 -32.93 WBR HIW 
NCSW-20 -83.255 35.367 -19.75 WBR LTN 
NCSW-21 -82.593 35.502 -0.30 EBR FBR 
NCSW-22 -82.027 35.285 48.62 PM BRD 
NCSW-23 -81.567 35.304 69.05 PM BRD 
NCSW-24 -81.255 35.252 89.21 GDW CAT 
NCSW-25 -81.004 35.299 96.63 GDW CAT 
NCSW-26 -77.591 36.427 140.38 GDW ROA 
NCSW-27 -77.383 36.209 171.68 CP ROA 
NCSW-28 -76.930 36.401 172.04 CP CHO 
NCSW-29 -77.041 35.860 222.06 CP ROA 
NCSW-30 -77.529 35.895 197.04 CP TAR 
NCSW-31 -77.795 35.960 178.60 GDW TAR 
NCSW-32 -78.352 35.822 167.49 GDW NEU 
NCSW-33A -80.411 35.427 111.99 GDW YAD 
NCSW-33B -80.411 35.427 111.99 GDW YAD 
NCSW-34A -80.074 35.306 139.97 GDW YAD 
NCSW-34B -80.074 35.306 139.97 GDW YAD 
NCSW-35A -79.589 35.441 149.12 GDW CPF 
NCSW-35B -79.589 35.441 149.12 GDW CPF 
NCSW-36A -79.880 34.940 185.59 GDW YAD 
NCSW-36B -79.880 34.940 185.59 GDW YAD 
NCSW-37A -79.530 34.820 214.00 CP LBR 
NCSW-37B -79.530 34.820 214.00 CP LBR 
NCSW-38 -79.090 34.770 239.52 CP LBR 
NCSW-39A -78.780 34.750 255.88 CP CPF 
NCSW-39B -78.780 34.750 255.88 CP CPF 
NCSW-40A -78.410 34.760 271.90 CP CPF 
NCSW-40B -78.410 34.760 271.90 CP CPF 
NCSW-41A -77.860 34.980 274.73 CP CPF 
NCSW-41B -77.860 34.980 274.73 CP CPF 
Table 2.b: 
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Sample Longitude Latitude Distance from ECD (km) Province Basin 
NCSW-42 -79.040 34.540 264.94 CP LBR 
NCSW-42.d -79.040 34.540 264.94 CP LBR 
NCSW-43 -79.370 36.089 94.35 GDW CPF 
NCSW-43.d -79.370 36.089 94.35 GDW CPF 
NCSW-44 -79.025 35.548 164.37 RB CPF 
NCSW-45 -78.774 35.396 191.22 GDW CPF 
NCSW-46 -78.024 35.348 230.11 CP NEU 
NCSW-46.d -78.024 35.348 230.11 CP NEU 
NCSW-47 -77.945 35.312 237.36 CP NEU 
NCSW-48 -77.303 35.312 266.15 CP NEU 
NCSW-48.d -77.303 35.312 266.15 CP NEU 
NCSW-Q15 -79.054 35.926 125.16 GDW CPF 
NCSW-Q16 -80.434 36.216 32.42 PM YAD 
NCSW-Q18 -79.737 36.474 38.97 PM ROA 
NCSW-Q19 -79.107 36.386 76.60 GDW ROA 
NCSW-Q20 -78.768 36.334 97.16 GDW ROA 
NCSW-Q25 -76.545 36.268 202.24 CP PAS 
NCSW-Q26 -76.073 36.350 214.29 CP PAS 
NCSW-Q47 -76.384 35.862 250.61 CP PAS 
NCSW-Q48 -76.110 35.697 279.33 CP PAS* 
NCSW-Q48.2 -76.194 35.720 273.29 CP PAS 
NCSW-Q66 -77.114 35.231 282.74 CP NEU 
NCSW-Q67 -76.518 35.585 273.01 CP TAR* 
NCSW-Q77 -77.263 34.919 307.80 CP WOK 
NCSW-Q78 -76.859 34.779 339.95 CP WOK 
RCC-82 -78.880 34.480 278.41 CP LBR 
RCC-83 -78.290 34.400 313.71 CP CPF 
RCC-84 -77.900 34.360 335.61 CP CPF 
RCC-86 -78.630 34.010 337.32 CP LBR 
RCC-Q81A -79.349 34.901 214.34 CP LBR 
RCC-Q81B -79.057 34.624 255.71 CP LBR 
WEH-02F -79.190 36.210 90.45 GDW NEU 
WEH-02U -79.190 36.210 90.45 GDW NEU 
WFL-03F -78.820 36.090 119.34 RB NEU 
WFL-03U -78.820 36.090 119.34 RB NEU 
 
Table 2.a-2.c: All sample numbers with locations given by longitude and latitude. A calculated distance from the 
mean azimuth of the Eastern Continental Divide (ECD) is reported.  
Geologic province abbreviations as follows: WBR-Western Blue Ridge, EBR-Eastern Blue Ridge, PM-
Piedmont,GDW-Gondwana, RB-rift basin, CP-Coastal Plain. River basin abbreviations as follows: CPF-Cape Fear, 
YAD-Yadkin Pee Dee, TAR-Tar Pamlico, NEU-Neuse, ROA-Roanoke, PAS-Pasquotank, LBR-Lumber, CAT-
Catawba, BRD-Broad, WOK-White Oak, CHO-Chowan, FBR-French Broad, LTN-Little Tennessee, NEW-New, 


















  32-2017 RCC 1.2284 1.9970 0.0215 0.726745 2.7 0.020 3.5 
  70-2017 RCC       0.708821 29.4 0.110 45.8 
  71-2017 RCC 1.1976 2.0548 0.3422 0.710174 25 0.285 36.0 
  73-2017 RCC 1.1985 2.0462 0.4651 0.713135 3.3 0.210 3.9 
  73-2017 RCC.d 1.1974 2.0509 0.2302         
  74-2017 RCC 1.2117 2.0497 0.2527 0.712611 10.7 0.269 15.3 
* EC02 1.1919 2.0570 0.0710 0.705371 77.7     
* EC03       0.705375 77.3     
* EC04       0.705365 77     
* EC05F       0.70537 49.9     
* EC05U 1.2052 2.0387 0.3853 0.705403 52.1 0.465 54.7 
* EEH-02F       0.705091 47.7     
* EEH-02U 1.2056 2.0410 0.4206 0.705094 49 0.524 51.2 
* EFL-03U 1.2079 2.0382 0.2293 0.707963 41 0.239 42.0 
* EW-CRB       0.706837 44.8     
* EW-EEH 1.1933 2.0620 0.0270 0.704975 59.3     
* EW-EFL 1.1820 2.0660 0.0400 0.707895 44     
* EW-EFL02       0.707923 44.3     
* EW-FB       0.709222 760     
* EW-FR       0.709223 390     
* EW-GC       0.708146 697     
* EW-GFT2 1.1933 2.0610 0.2500 0.711562 32.3     
* EW-LRB       0.707489 50.3     
* EW-LRGS       0.708628 55.5     
* EW-LRNM       0.708422 46.7     
* EW-LROM       0.708597 48     
* EW-MFL 1.1976 2.0530 0.1300 0.710311 39.1     
* EW-MFL02       0.70995 35.3     
* EW-NLB       0.707518 50     
* EW-PL 1.1976 2.0540 0.3200 0.70864 48.4     
* EW-RGS       0.708306 54.5     
* EW-SCM       0.709301 54.2     
* EW-SCNM       0.709467 4.1     
* EW-SCOM       0.709887 62.3     
* EW-SS       0.708801 49.3     
* EW-TR       0.709114 183     
* EW-WEH       0.705269 69     
* EW-WFL       0.706099 59.7     
* EW-WFL02       0.70627 38.8     
* MFL-03U 1.2055 2.0409 0.3408 0.709221 36 0.417 38.2 
  NCSW-01A 1.2126 2.0257 0.0779 0.706321 92.5 0.072 100.5 
  NCSW-01B       0.706331 93     
















  NCSW-03 1.2027 2.0424 0.0621 0.706694 62.7     
  NCSW-04       0.705396 52.6     
  NCSW-05       0.712553 49.9     
  NCSW-06 1.2129 2.0327 0.1024 0.712194 63.8 0.054 65.9 
  NCSW-07 1.2299 2.0022 0.0355 0.705379 116 0.036 117.3 
  NCSW-08       0.706413 97.3     
  NCSW-09 1.2444 1.9756 0.0152 0.715783 36   38.8 
  NCSW-10 1.2494 1.9732 0.0129 0.714891 21.4 0.011 19.8 
  NCSW-11 1.2399 1.9874 0.0176 0.719094 20.8 0.015 20.5 
  NCSW-12 1.2586 1.9486 0.0124 0.717342 23.4 0.021 25.5 
  NCSW-13 1.2538 1.9566 0.0135 0.718234 30.7 0.009 31.8 
  NCSW-14 1.2437 1.9764 0.0163 0.720729 18.3   20.7 
  NCSW-15 1.2263 2.0102 0.0437 0.714381 35.8 0.025 39.1 
  NCSW-16 1.2190 2.0200 0.0633 0.710483 18.5 0.055 45.3 
  NCSW-17 1.2257 2.0101 0.0407 0.716407 24.9 0.031 27.0 
  NCSW-18 1.2451 1.9670 0.0141 0.717829 8.3 0.001 9.7 
  NCSW-19 1.2275 1.9977 0.0243 0.717491 20.7 0.016 21.8 
  NCSW-20 1.2308 1.9927 0.0217 0.718226 19.3 0.019 23.2 
  NCSW-21 1.2302 2.0046 0.0316 0.718835 11 0.024 12.1 
  NCSW-22 1.2289 2.0007 0.0317 0.71215 19.6 0.023 23.4 
  NCSW-23 1.2153 2.0152 0.0272 0.718539 17.3   9.0 
  NCSW-24 1.2236 2.0074 0.0264 0.715946 43 0.015 53.4 
  NCSW-25 1.2255 2.0068 0.0299 0.712712 24.6 0.024 30.1 
  NCSW-26 1.2417 1.9791 0.0166 0.711051 24.1   62.8 
  NCSW-27 1.1909 2.0575 0.5304 0.710623 56.2 0.501 69.1 
  NCSW-28 1.2039 2.0436 0.2146 0.711031 38.4   62.5 
  NCSW-29 1.2233 2.0131 0.0326 0.711012 48.8 0.036 58.1 
  NCSW-30 1.2069 2.0374 0.2176 0.710537 35.8 0.235 40.9 
  NCSW-31 1.2122 2.0328 0.2441 0.709523 34.9 0.214 43.2 
  NCSW-32 1.2195 2.0248 0.1400 0.707989 46.9 0.115 58.0 
  NCSW-33A 1.2274 2.0110 0.0629 0.704873 110 0.064 129.9 
  NCSW-33B           0.071 152.1 
  NCSW-34A 1.2242 2.0126 0.0292 0.710372 40.9 0.030 51.2 
  NCSW-34B           0.038 55.4 
  NCSW-35A 1.2056 2.0428 0.1246 0.708938 24.4 0.141 27.4 
  NCSW-35B           0.156 30.7 
  NCSW-36A 1.2113 2.0382 0.0088 0.709265 43.2     
  NCSW-36B 1.2099 2.0386 0.1468 0.70924 24 0.158 53.2 
  NCSW-37A 1.1999 2.0459 0.1784 0.712919 3.6     
  NCSW-37B 1.1956 2.0537 0.2180 0.712719 4.8 0.234 5.0 
  NCSW-38       0.712295 8.3 0.107 10.5 
  NCSW-39A       0.707462 35.6 0.244 43.3 
















  NCSW-40A 1.1988 2.0522 0.3284 0.71192 12.2     
  NCSW-40B           0.334 16.2 
  NCSW-41A 1.1935 2.0563 0.1447 0.710526 27.1     
  NCSW-41B       0.710489 36.1 0.073 36.2 
  NCSW-42       0.710795 25 0.024 33.7 
  NCSW-42.d       0.710758 32.8     
  NCSW-43 1.2040 2.0387 0.2448 0.706608 60.8 0.220 83.2 
  NCSW-43.d       0.706581 82     
  NCSW-44       0.706258 49.5 0.201 61.6 
  NCSW-45 1.2057 2.0388 0.1957 0.706437 46.1 0.156 63.6 
  NCSW-46 1.2071 2.0386 0.2675 0.709346 31.7 0.293 38.1 
  NCSW-46.d       0.709318 15.9     
  NCSW-47 1.2062 2.0420 0.2785 0.709362 31.3 0.249 41.2 
  NCSW-48 1.2050 2.0417 0.2866 0.710079 27.4 0.315 32.9 
  NCSW-48.d       0.710058 13.6     
  NCSW-Q15 1.2225 2.0210 0.0466 0.715016 11.5 0.050 27.1 
  NCSW-Q16 1.2179 2.0288 0.0826 0.715071 30.1 0.096 30.0 
  NCSW-Q18 1.2118 2.0335 0.0558 0.712757 19.8 0.059 48.4 
  NCSW-Q19 1.2212 2.0197 0.0400 0.705461 26.5 0.043 68.2 
  NCSW-Q20 1.2067 2.0410 0.1874 0.706633 45.2 0.189 41.7 
  NCSW-Q25 1.2013 2.0469 0.2506 0.710603 91 0.176 67.4 
  NCSW-Q26 1.1985 2.0482 0.2398 0.709906 99.6 0.229 97.4 
  NCSW-Q47 1.2063 2.0386 0.1223 0.709919 65.4 0.083 140.6 
  NCSW-Q48 1.1975 2.0479 0.2431 0.708911 371 0.185 276.9 
  NCSW-Q48.2       0.709709 42.1 1.118 36.9 
  NCSW-Q66 1.1977 2.0530 0.2382 0.710210 12.6 0.292 29.2 
  NCSW-Q67 1.2019 2.0445 0.2610 0.709255 418.6 0.179 287.6 
  NCSW-Q77 1.2125 2.0280 0.8751 0.709189 20.9 1.008 18.6 
  NCSW-Q78 1.1992 2.0487 0.6436 0.709411 14.9 0.613 34.0 
  RCC-82       0.712102 12.9 0.408 15.1 
  RCC-83 1.2038 2.0428 0.2634 0.707054 42.1 0.299 47.5 
  RCC-84       0.709819 22.1 0.311 23.1 
  RCC-86       0.709844 24.1 0.393 28.9 
  RCC-Q81A       0.711669 8.6 0.554 12.9 
  RCC-Q81B       0.711488 11.4 0.525 16.4 
* WEH-02F       0.704456 52.2     
* WEH-02U 1.2090 2.0434 0.6971 0.704463 53.4 0.963 54.2 
* WFL-03F       0.705647 52.3     
* WFL-03U 1.2074 2.0361 0.5008 0.705642 51.3 0.642 55.3 
 
Table 3.a-3.c: Data from concentration and isotopic analyses of North Carolina surface water. Results of analyses 
on TIMS 206Pb/207Pb, 208Pb/206Pb, 87Sr/86Sr, and concentrations of both Pb and Sr. Concentrations were also analyzed 
on ICP-MS. A (*) in the left-most column indicates that the Sr TIMS analyses were performed and first reported by 

















































32-2017 RCC 12.0 0.140 4.9 0.044 513.8 0.0072 0.024 0.031 2.20 10.0 269.0 
70-2017 RCC 30.0 1.100 12.0 0.027 8036.4 0.0062 0.170 0.270 0.85 508.0 6740.0 
71-2017 RCC 116.6 2.773 16.9   9508.1   0.741 1.082 1.82 1370.4 9869.3 
73-2017 RCC 106.0 0.280 8.0 0.044 2347.4 0.0140 0.200 0.280 0.48 270.0 480.0 
74-2017 RCC 199.8 0.433 18.0   3900.5   0.252 0.441 0.49 679.0 3858.2 
EC05U   0.360 21.2   5663.2   0.270 0.690 2.44 1479.0 2092.0 
EEH-02U   0.410 21.9   5674.3   0.450 1.590 1.02 1736.0 1275.0 
EFL-03U   0.330 25.1   4979.8   0.290 0.550 1.31 571.0 2676.0 
MFL-03U   0.300 23.6   4015.8   0.260 0.710 1.15 583.0 2706.0 
NCSW-01A 12.0 0.460 34.0 0.025 13808.4 0.0600 0.720 0.420 2.20 99.0 10859.0 
NCSW-02 18.0 0.200 37.0 0.028 17019.2 0.0093 0.130 0.083 1.40 141.0 3476.0 
NCSW-06 6.0 0.470 20.0 0.031 13566.1 0.0094 0.110 0.280 0.46 329.0 2811.0 
NCSW-07 2.0 0.290 28.0 0.027 13707.5 0.0072 0.160 0.160 0.71 193.0 2768.0 
NCSW-09 8.1 0.007 27.2   5894.3     0.001 0.50 56.0 1281.4 
NCSW-10 12.0 0.058 19.0 0.036 4448.8 0.0073 0.047 0.170 0.33 52.0 904.0 
NCSW-11 10.0 0.020 14.0 0.031 3231.3 0.0070 0.055 0.063 0.27 46.0 1022.0 
NCSW-12 12.0 0.130 14.0 0.027 3693.3 0.0055 0.056 0.061 0.39 57.0 1350.0 
NCSW-13 15.0 0.059 15.0 0.027 5103.6 0.0051 0.072 0.057 0.19 70.0 1133.0 
NCSW-14 11.0   12.7   2266.1   0.000   0.15 76.0 793.0 
NCSW-15 6.0 0.150 14.0 0.027 5569.0 0.0060 0.055 0.074 0.41 131.0 1960.0 
NCSW-16 24.0 0.110 45.0 0.028 6421.8 0.0067 0.190 0.130 0.29 360.0 2052.0 
NCSW-17 1.0 0.350 14.0 0.028 4670.2 0.0058 0.047 0.072 0.34 99.0 1565.0 
NCSW-18 21.0 0.110 3.9 0.026 1711.9 0.0050 0.020 0.026 0.14 29.0 411.0 
NCSW-19 0.8 0.076 4.4 0.026 4597.4 0.0087 0.038 0.016 0.32 41.0 588.0 
NCSW-20 15.0 0.190 19.0 0.026 3105.0 0.0070 0.047 0.071 0.59 37.0 905.0 
NCSW-21 9.0 0.120 8.4 0.027 2089.4 0.0063 0.049 0.089 0.19 118.0 727.0 
NCSW-22 12.0 0.190 12.0 0.027 3269.1 0.0053 0.039 0.083 0.19 140.0 1022.0 
NCSW-23 18.0 0.060 13.7   3301.3   0.030 0.080 0.06 145.0 1558.0 
NCSW-24 17.0 0.340 12.0 0.027 19222.9 0.0052 0.075 0.050 0.35 163.0 1864.0 
NCSW-25 11.0 0.430 11.0 0.027 3456.5 0.0043 0.036 0.053 1.10 60.0 2062.0 
NCSW-26 31.7 0.264 21.8   6816.5     0.047 0.51 35.8 2643.9 
NCSW-27 22.1 0.291 27.5   7201.8   0.012 0.172 0.72 96.0 2615.2 
NCSW-28 179.0 0.090 49.1   10667.0     0.170 0.56 571.0 4733.0 
NCSW-29 7.0 0.340 21.0 0.028 8510.0 0.0061 0.054 0.099 0.66 125.0 2644.0 
NCSW-30 74.0 0.520 28.0 0.045 8032.1 0.0120 0.250 0.290 0.90 792.0 4019.0 
NCSW-31 88.6 0.281 25.9   5462.1   0.087 0.349 1.01 654.9 3312.9 
NCSW-32 27.4 0.314 43.6   4066.3   0.103 0.177 0.45 991.2 3387.7 
NCSW-33A 14.0 0.360 18.0 0.027 15396.2 0.0071 0.260 0.140 0.87 455.0 2436.0 
NCSW-33B 46.0 0.137 18.9 0.001 15189.7 0.0010 0.281 0.181 0.97 474.0 2510.0 
NCSW-34A 12.0 0.340 15.0 0.027 6671.4 0.0120 0.054 0.100 0.87 52.0 2857.0 
NCSW-34B 44.5 0.308 15.8 0.007 6812.5 0.0040 0.056 0.126 0.96 64.0 2936.0 
NCSW-35A 51.0 0.740 18.0 0.037 5584.1 0.0075 0.074 0.180 1.10 527.0 3405.0 
NCSW-35B 97.0 0.716 19.7 0.018 5657.1 0.0010 0.079 0.230 1.40 528.0 3458.0 
NCSW-36B 126.0 0.520 17.0 0.032 7925.1 0.0390 0.170 0.320 2.10 261.0 3979.0 
NCSW-37B 137.9 0.126 9.1   763.9   0.127 0.467 0.54 206.4 575.3 
NCSW-38 95.0 0.440 9.9 0.040 637.6 0.0062 0.120 1.750 0.36 233.0 4105.0 
NCSW-39A 95.0 0.490 22.0 0.050 7405.8 0.0190 0.240 0.300 1.30 448.0 4295.0 
NCSW-40B 255.7 0.376 22.0   2841.1   0.104 0.618 0.65 776.4 4561.0 
NCSW-41B 86.1 0.409 23.2   6990.1   0.108 0.544 0.62 608.8 8599.8 
NCSW-42 31.5 0.315 31.3   6946.2   0.040 0.249 0.54 178.3 7665.8 
NCSW-43 105.4 0.232 24.7   8445.6   0.262 0.489 1.89 370.1 4505.1 
NCSW-44 101.0 0.400 20.0 0.030 9478.4 0.0220 0.230 0.340 1.70 355.0 4314.0 



















































NCSW-46 67.0 0.570 24.0 0.038 6845.7 0.0097 0.190 0.230 0.88 722.0 4516.0 
NCSW-47 76.9 0.316 25.6   5704.4   0.150 0.215 0.92 578.8 4157.0 
NCSW-48 93.0 0.470 25.0 0.040 7381.3 0.0140 0.150 0.290 0.85 680.0 4544.0 
NCSW-Q15 2.0 0.100 13.0 0.032 3963.3 0.0063 0.072 0.120 0.42 108.0 1666.0 
NCSW-Q16 24.0 0.140 13.0 0.031 4398.3 0.0055 0.079 0.120 0.56 142.0 1804.0 
NCSW-Q18 9.0 0.220 17.0 0.028 7922.1 0.0086 0.120 0.470 0.87 231.0 2393.0 
NCSW-Q19 8.0 0.420 19.0 0.029 10009.0 0.0055 0.320 0.120 0.65 843.0 2374.0 
NCSW-Q20 11.0 0.440 13.0 0.032 6559.5 0.0073 0.130 0.270 0.63 723.0 1502.0 
NCSW-Q25 801.0 1.300 38.0 0.180 15119.2 0.0170 2.300 1.440 0.62 3086.0 4087.0 
NCSW-Q26 30.0 0.870 25.0 0.038 16474.6 0.0069 0.510 0.590 0.14 1174.0 5535.0 
NCSW-Q47 170.0 1.500 51.0 0.100 25208.1 0.0110 1.600 1.940 0.55 1003.0 3345.0 
NCSW-Q48 145.0 0.580 18.0 0.034 23475.3 0.0160 0.190 0.410 0.28 574.0 27727.0 
NCSW-Q48.2 645.0 0.510 13.0 0.049 5695.9 0.0110 0.330 0.650 0.29 1373.0 1252.0 
NCSW-Q66 178.0 0.780 29.0 0.058 8554.1 0.0094 0.230 0.520 0.78 545.0 3482.0 
NCSW-Q67 355.0 0.920 26.0 0.054 28293.4 0.0200 0.490 0.960 0.42 694.0 33181.0 
NCSW-Q77 876.0 0.460 6.3 0.042 7059.6 0.0130 0.150 0.920 0.14 676.0 722.0 
NCSW-Q78 623.0 0.790 10.0 0.057 7886.7 0.0120 0.520 0.640 0.47 827.0 867.0 
RCC-82 308.0 0.730 19.0 0.062 3557.4 0.0130 0.280 0.530 1.10 650.0 3745.0 
RCC-83 382.0 0.630 13.0 0.044 7336.8 0.0160 0.210 0.510 0.89 646.0 3305.0 
RCC-84 33.0 0.550 23.0 0.040 11368.8 0.0140 0.280 0.280 2.60 454.0 3630.0 
RCC-86 300.0 0.660 15.0 0.046 6023.7 0.0130 0.230 0.610 0.61 941.0 3064.0 
RCC-Q81A 292.9 0.517 19.9 0.160 3143.6 0.1102 0.474 0.528 1.51 604.5 1407.8 
RCC-Q81B 223.2 0.565 20.3   3886.3   0.300 0.655 1.26 595.1 2115.7 
WEH-02U   0.350 31.8   4682.6   0.430 5.020 1.21 1457.0 1314.0 

















































































32-2017 RCC 247.0 1.1 0.0092 745 0.230 14.00 0.0091 0.200 0.0380 0.0035 0.031 0.82 
70-2017 RCC 3742.0 140.0 0.2500 4906 0.340 93.00 0.0600 0.250 0.0390 0.0200 0.430 0.76 
71-2017 RCC 3765.8 420.5 0.5746 3538 0.696 322.72 0.0514 0.180 0.0007 0.0334 0.789 111.95 
73-2017 RCC 579.0 12.0 0.0230 2447 1.400 13.00 0.0190 0.380 0.0360 0.0240 0.360 1.20 
74-2017 RCC 2131.6 15.5 0.1472 6239 0.739 76.86 0.0094 0.022 0.0130 0.0159 0.280 81.41 
EC05U 2754.0 41.0 0.3830 6133 0.590 32.00 0.0140 0.250 0.0380 0.0380 2.800 10.60 
EEH-02U 2870.0 121.0 0.3240 6460 1.040 70.00   0.180 0.0160 0.0570 2.500 5.40 
EFL-03U 2475.0 242.0 0.2480 6778 0.920 32.00 0.0590 0.210 0.0100 0.0550 1.500 3.00 
MFL-03U 2268.0 162.0 0.2020 6309 0.620 46.00 0.0170 0.200 0.0080 0.0500 1.400 3.00 
NCSW-01A 5262.0 29.0 7.1000 78695 4.200 74.00 4.8000 0.310 0.0051 0.0290 1.600 4.40 
NCSW-02 6031.0 31.0 0.4800 13865 0.370 24.00 0.3700   0.0060 0.0510 0.630 2.20 
NCSW-06 4860.0 46.0 1.5000 5008 0.280 13.00 0.0540 0.540 0.0240 0.0260 0.580 0.46 
NCSW-07 5046.0 39.0 0.6000 9615 0.240 20.00 0.1700 0.380 0.0036 0.0270 0.840 0.91 
NCSW-09 2755.7 12.7 0.6395 5856 0.051 5.33     0.0014 0.0051 0.166 2.88 
NCSW-10 1842.0 8.6 0.0700 3131 0.087 5.60 0.0160 0.160 0.0150 0.0036 0.220 0.93 
NCSW-11 1502.0 8.7 0.0360 3002 0.130 4.30 0.0120 0.014 0.0076 0.0029 0.120 1.40 
NCSW-12 1185.0 10.0 0.0870 3675 0.059 11.00 0.0180 0.260 0.0030 0.0069 0.180 2.60 
NCSW-13 1150.0 18.0 0.1200 4638 0.037 3.90 0.0150   0.0032 0.0130 0.160 1.20 
NCSW-14 670.0 15.0 0.0980 2416   6.00     0.0010 0.0080 0.100 1.30 
NCSW-15 1984.0 10.0 0.1100 5479 0.050 27.00 0.0420 0.130 0.0036 0.0110 0.220 1.30 
NCSW-16 2939.0 50.0 0.0290 5986 0.064 5.50 0.0170 0.068 0.0057 0.0057 0.360 1.60 
NCSW-17 1771.0 6.7 0.4700 5798 0.190 80.00 0.0520 0.360 0.0039 0.0110 0.240 1.60 
NCSW-18 588.0 8.4 0.0200 1203 0.031 4.50 0.0120 0.250 0.0046 0.0038 0.012 0.40 
NCSW-19 1092.0 6.5 0.0270 2218 0.058 6.30 0.0340 0.180 0.0044 0.0059 0.026 1.20 
NCSW-20 1372.0 14.0 0.2600 3203 0.100 5.30 0.0180 0.250 0.0036 0.0035 0.073 2.10 
NCSW-21 896.0 9.4 0.0680 2319 0.073 15.00 0.0180 0.310 0.0038 0.0052 0.066 1.40 
NCSW-22 1363.0 16.0 0.0600 4263 0.003 4.60 0.0150 0.520 0.0045 0.0056 0.130 0.69 
NCSW-23 1607.0 21.0 0.0920 3006 0.030 2.00   0.000 0.0040 0.0030 0.100 9.00 
NCSW-24 6058.0 24.0 0.2800 9486 0.087 8.70 0.0590 0.190 0.0057 0.1000 0.250 0.67 
NCSW-25 2248.0 17.0 0.2800 4983 0.060 9.00 0.1400 0.360 0.0060 0.0096 0.520 0.79 
NCSW-26 3700.4 12.7 0.4642 6991 0.120 6.88 0.1345 0.042 0.0019 0.0130 0.209 7.83 
NCSW-27 4267.6 28.0 0.3438 7789 0.341 7.07 0.1182 0.159 0.0024 0.0174 0.320 10.81 
NCSW-28 3378.0 71.0 0.4320 29686 0.300 75.00     0.0030 0.0630 0.700 20.10 
NCSW-29 3904.0 13.0 0.3900 7959 0.180 14.00 0.1500 0.096 0.0160 0.0210 0.400 0.42 
NCSW-30 2978.0 53.0 0.2700 8927 0.520 41.00 0.1400 0.150 0.0088 0.0570 0.810 2.30 
NCSW-31 2634.8 41.7 0.1693 7761 0.377 13.70 0.3183 0.120 0.0051 0.0612 0.767 15.48 
NCSW-32 1643.7 100.6 0.1915 7912 0.135 25.60 0.0089 0.057 0.0090 0.0529 0.233 19.73 
NCSW-33A 6362.0 13.0 0.2600 8045 0.200 21.00 0.0360 0.290 0.0042 0.0620 1.900 0.56 
NCSW-33B 6045.4 11.0 0.3195 6788     0.0305 0.000 0.0021 0.0619 2.200 0.00 
NCSW-34A 2512.0 0.7 0.3000 8621 0.240 14.00 0.1600 0.220 0.0058 0.0130 0.410 1.10 
NCSW-34B 2411.1 1.0 0.3457 7362     0.1515 0.000   0.0133 0.501 1.30 
NCSW-35A 2290.0 8.9 0.1300 7151 0.380 68.00 0.1100 0.190 0.0045 0.0190 0.580 2.20 
NCSW-35B 2178.8 8.0 0.1685 6120     0.1092 0.000   0.0204 0.738 2.20 
NCSW-36B 3416.0 29.0 0.3900 9912 0.550 100.00 0.2300 0.250 0.0170 0.0310 1.300 2.70 
NCSW-37B 528.7 9.2 0.1302 2333 0.238 6.57   0.081 0.0063 0.0239 0.425 24.09 
NCSW-38 2007.0 8.4 0.1100 4843 1.000 22.00 0.0460 0.250 0.0160 0.0099 0.230 2.70 
NCSW-39A 3215.0 42.0 0.7100 16510 0.840 120.00 0.4000 0.220 0.0084 0.0920 0.960 4.00 
NCSW-40B 2038.0 11.3 0.2037 5345 0.350 22.90 0.0064 0.101 0.0100 0.0261 0.694 21.97 
NCSW-41B 3543.9 14.6 0.2629 15643 0.385 65.27 0.9265 0.077 0.0090 0.0237 0.354 14.65 
NCSW-42 3439.5 7.4 0.1241 5231 0.195 18.68 0.0231 0.027 0.0082 0.0088 0.117 14.87 
NCSW-43 3869.4 42.7 0.9226 23341 1.849 52.22 3.5692 0.166 0.0045 0.0230 1.001 24.43 
NCSW-44 3772.0 34.0 0.8500 20072 1.100 34.00 0.7700 0.200 0.0033 0.0240 1.300 3.10 




















































NCSW-46 2752.0 37.0 0.1900 13768 0.490 57.00 0.0850 0.690 0.0070 0.0620 0.750 2.10 
NCSW-47 2513.4 29.0 0.2537 12967 0.619 49.38 0.0515 0.151 0.0048 0.0607 0.737 24.53 
NCSW-48 2718.0 17.0 0.1600 11140 0.660 50.00 0.0930 0.120 0.0088 0.0560 0.700 2.20 
NCSW-Q15 1331.0 13.0 0.0840 3621 0.120 28.00 0.0190 0.240 0.0100 0.0130 0.530 1.70 
NCSW-Q16 1540.0 14.0 0.0940 3772 0.130 32.00 0.0260 0.160 0.0098 0.0160 0.720 0.81 
NCSW-Q18 3220.0 25.0 0.6600 6488 0.380 18.00 0.1700 0.130 0.0080 0.0140 1.000 3.50 
NCSW-Q19 4406.0 519.0 0.1100 7276 0.310 22.00 0.0320 0.079 0.0036 0.0130 0.670 1.90 
NCSW-Q20 3808.0 27.0 0.0460 4483 0.340 18.00 0.0350 0.099 0.0032 0.0130 0.910 1.20 
NCSW-Q25 4824.0 181.0 0.0720 9009 2.500 40.00 0.0470 0.280 0.0092 0.0610 1.400 6.70 
NCSW-Q26 6856.0 244.0 0.0690 13434 0.420 392.00 0.0520 0.150 0.0038 0.0270 0.260 2.20 
NCSW-Q47 5066.0 116.0 0.0830 10150 2.700 82.00 0.0450 0.250 0.0130 0.0870 1.200 7.10 
NCSW-Q48 31687.0 45.0 0.4000 532320 0.290 41.00 0.0490 0.570 0.0088 0.0880 0.630 1.70 
NCSW-Q48.2 3012.0 25.0 0.0630 14319 0.620 49.00 0.0460 0.120 0.0110 0.0300 0.730 3.70 
NCSW-Q66 1703.0 22.0 0.1300 4061 0.550 85.00 0.0670 0.440 0.0180 0.0720 1.100 2.60 
NCSW-Q67 32906.0 75.0 0.5400 604828 0.820 73.00 0.0530 0.490 0.0110 0.1300 1.400 3.40 
NCSW-Q77 802.0 11.0 0.0650 3144 0.250 127.00 0.0400 0.240 0.0230 0.0530 1.300 3.40 
NCSW-Q78 1075.0 18.0 0.0380 6144 0.610 32.00 0.0510 0.360 0.0120 0.0400 1.000 6.90 
RCC-82 2177.0 19.0 0.1700 7970 1.000 60.00 0.0400 0.330 0.0230 0.0400 0.680 26.00 
RCC-83 1924.0 24.0 0.1600 6878 0.500 102.00 0.1300 0.320 0.0130 0.0640 1.100 19.00 
RCC-84 3193.0 100.0 0.3600 14504 1.300 94.00 0.3200 0.310 0.0080 0.0540 1.400 17.00 
RCC-86 1528.0 21.0 0.0870 5474 0.480 30.00 0.0440 0.450 0.0150 0.0480 1.000 10.00 
RCC-Q81A 1036.8 17.8 0.3007 3563 1.007 69.75 0.1043 0.302 0.0121 0.0360 1.203 49.34 
RCC-Q81B 1373.0 19.0 0.2120 10458 0.704 81.49 0.0684 0.127 0.0132 0.0336 0.988 42.43 
WEH-02U 2501.0 27.0 0.5370 6243 2.270 78.00 0.0090 0.310 0.0130 0.1110 6.800 16.20 
WFL-03U 2925.0 151.0 0.4150 5871 0.810 53.00 0.0220 0.290 0.0080 0.0620 3.600 5.70 
 
 
Table 4.a-4.d: Data from concentration analyses of major and trace elements of interest in North Carolina surface 
water. Location is given by longitude and latitude, and a calculated distance from the mean 
azimuth of the Eastern Continental Divide is reported. Results are from analyses on ICP-MS (trace elements) or 
ICP-OES (major elements; denoted by a (*) beside the element symbol in the top row. Errors 
are reported in the second row by element as percentages equivalent to two standard deviations.   
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Element Correlation Value Significant? 
 Element Correlation Value Significant? 
Sr 1.000 Y  Pb 1.000 Y 
Mg 0.873 Y  Cr 0.787 Y 
Ca 0.825 Y  Al 0.780 Y 
Na 0.677 Y  Fe 0.760 Y 
Ba 0.591 Y  Be 0.701 Y 
Mn 0.585 Y  Ni 0.692 Y 
Mo 0.582 Y  Zn 0.683 Y 
K 0.477 Y  Co 0.662 Y 
U 0.460 Y  Cd 0.656 Y 
V 0.456 Y  V 0.647 Y 
Sb 0.411 Y  U 0.635 Y 
Co 0.409 Y  P 0.620 Y 
Cu 0.274 Y  As 0.573 Y 
Ni 0.252 Y  Mn 0.432 Y 
Fe 0.239 Y  Cu 0.394 Y 
P 0.225 N  Tl 0.358 Y 
As 0.187 N  Na 0.314 Y 
Cd 0.123 N  Ba 0.294 Y 
Cr 0.121 N  K 0.247 Y 
Pb 0.038 N  Mo 0.178 N 
Se 0.006 N  Sb 0.161 N 
Zn -0.013 N  Se 0.096 N 
Al -0.053 N  Ca 0.093 N 
Be -0.126 N  Mg 0.050 N 
Tl -0.220 N  Sr 0.038 N 
 
Table 5: Results of statistical tests for correlation between elements by sample. Only ICP data were used in order to 
obtain the most accurate comparisons. 
Left: Fourteen out of 24 major and trace elements show statistically significant correlation (confidence level = 0.95) 
with [Sr], using the Spearman (nonparametric) method. Results are listed in order of decreasing correlation. 
Right: Eighteen out of 24 major and trace elements show statistically significant correlation (confidence level = 
0.95) with [Pb], using the Spearman (nonparametric) method. Results are listed in order of decreasing correlation.   
Correlation with Strontium  Correlation with Lead 
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